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Summary
Cockatoo Sands is a term used to describe red to yellowish red sands, sandy earths 
and loamy earths that have formed from quartz sandstone colluviums in relatively 
isolated patches throughout the East Kimberley. 
Cockatoo Sands are recognised as potentially suitable for irrigated agriculture 
because they are generally well drained and not subject to waterlogging or 
inundation. These characteristics allow them to be cultivated and prepared for 
planting various crops during the wet and dry seasons of northern Australia. 
Expanding agricultural production onto the Cockatoo Sands around Kununurra will 
increase opportunities for agriculture by increasing the overall scale of agriculture, 
allowing year-round agricultural enterprise, new crops and new market opportunities. 
DAFWA has assessed the soil characteristics and agriculturally suitable areas of 
Cockatoo Sands in the Victoria Highway and Carlton Hill areas near Kununurra 
(Smolinski et al. 2015). Potential development areas (PDAs) comprising 2268 
hectares (ha) at Victoria Highway and 6538ha at Carlton Hill were identified. 
DAFWA has also assessed the baseline surface water characteristics of run-off from 
catchments that contain the PDAs (Bennett et al. 2015). 
This report describes the methodology, data and analyses used to derive the 
baseline hydrogeological conditions and physicochemical groundwater conditions 
that underlie the Victoria Highway and Carlton Hill PDAs. The baseline data was 
largely derived by following the data analysis and interpretation procedures 
recommended by ANZECC and ARMCANZ (2000). Climate, watertable depth, 
shallow watertable extent, watertable dynamics, aquifer physical properties and 
groundwater chemistry data are reported in the context of a baseline — for use in 
planning for development or assessing any future changes following development. 
The PDAs contain a relatively thin ‘skin’ of sandy and loamy regolith, typically 
overlying hard Cockatoo Formation sandstones or Ningbing Limestone under a 
section at Carlton Hill, at about 5m depth. 
Watertables are deep and remain within the hard-rock aquifers under most of the 
upper- and mid-slope areas of the PDAs. However, because of the high infiltration 
properties of the sandy regolith, watertables respond dynamically to large, wet 
season rainfall events, particularly in the lower landscape where they are within 10m 
of the surface. 
Generally, there is a low on-site risk of land and water resource degradation 
associated with irrigated agricultural development on the PDAs. 
The Victoria Highway PDA has a risk of increased seasonal groundwater discharge 
in areas immediately downslope of the PDA. As part of good environmental practice, 
the potential downstream land and aquatic environmental impacts of any increased 
groundwater discharge may require assessment once specific agricultural enterprises 
on the PDA are proposed. Potential risks may be minimised by having agricultural 
systems that maximise the use of water from wet season rainfall, and use efficient 
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irrigation systems. There is also good potential for using groundwater pumping 
systems to recycle groundwater from beneath discharge areas onto the irrigated land 
as a remedial management measure if required. 
Agricultural systems that maximise the use of water from wet season rainfall, plus 
use efficient irrigation application systems are also generally recommended for the 
Carlton Hill PDA, as part of good environmental practice. However, about 1300ha of 
inherently wetter, mainly Pago soils within the Carlton Hill PDA have a higher risk of 
developing seasonal shallow watertables that may limit production of some annual or 
perennial crop species or tree species. Using species that are tolerant to 
waterlogging, including deep-rooted perennial crop or tree species, to maximise 
water use on the Pago soils is recommended. Further investigation of the aquifer 
properties beneath the Pago soils is required before the effectiveness of groundwater 
pumping or other drainage systems can be assessed. 
There is limited potential for using groundwater as a source of irrigation water for the 
Victoria Highway and Carlton Hill PDAs because of the relatively low yield and 
storativity of the underlying sandstone and limestone rock aquifers. However, the 
groundwater beneath the PDAs is good quality and suitable for direct long-term 
irrigation or for on-farm or other uses. Should groundwater control measures such as 
drainage or pumping be required, it would be safe to dispose of the surplus 
groundwater onto crops via irrigation systems. 
When used in conjunction with land capability and surface water condition reports, 
this report is suitable to be used by potential developers and environmental 
regulators to investigate enterprise-specific risks and to develop management plans 
for the PDAs.
vii 

Cockatoo Sands hydrogeology 
1 Introduction 
Cockatoo Sands is a term used to describe the family of soils which include red to 
yellowish red sands, sandy earths and loamy earths that have formed from quartz 
sandstone colluviums, in relatively isolated patches, throughout the East Kimberley 
(Smolinski et al. 2015). 
Cockatoo Sands are recognised as potentially suitable for irrigated agriculture 
because they are generally well drained and not subject to waterlogging or 
inundation. These characteristics allow them to be easily cultivated and prepared for 
planting various crops during the early and late stages of the northern Australian wet 
season. Their characteristics differ to those of the currently farmed ‘black soils’ 
prevalent in the Ord River Irrigation Area (ORIA) near Kununurra. Black soils are 
imperfectly drained, often seasonally affected by waterlogging and inundation and 
have poor trafficability when wet. These properties severely restrict agricultural 
activities during the wet season. 
Expanding the area of agricultural production onto suitable Cockatoo Sands around 
Kununurra will increase opportunities for agriculture in the region. Opportunities 
include increasing the scale of agriculture, allowing year-round agricultural enterprise 
(because agriculturalists can make use of seasonal variations in rainfall) and 
introducing new crops and market opportunities. 
The Regional Economic Development Water Opportunities project, funded by 
Royalties for Regions, aims to promote agribusiness through developing land and 
water resources in the Kimberley. With funding from this project, DAFWA undertook 
the following project tasks: 
• assess and report on the suitability for agriculture of two main areas of Cockatoo 
Sands and associated soils near Kununurra 
• with support from the Department of Water, assess and report on baseline 
characteristics of the main surface water catchments that contain suitable soils 
within the two main areas of Cockatoo Sands 
• assess and report on baseline and other characteristics of the groundwater 
systems overlain by the two main areas of Cockatoo Sands. 
Smolinski et al. (2015) reported on the first of the above tasks. They identified 
2268ha of Cockatoo Sands in the Victoria Highway area and 3967ha in the Carlton 
Hill area as having the best potential for irrigated agriculture development. In the 
Carlton Hill area, there are 2571ha of lower capability soils that are interspersed 
within the highly suitable soils, which means the total area that could be developed is 
6538ha. The lower capability soils in the Carlton Hill area consist of 1233ha of the 
wetter Pago family of soils and 1338ha of the duplex Packsaddle family of soils 
(Smolinski et al. 2015). Including this lower capability land, even though it will require 
management of some of the agricultural limitations identified by Smolinski et al. 
(2015), makes a more cohesive and manageable area of land for development. Thus, 
it has been included in the Carlton Hill Cockatoo Sands potential development area 
(Cockatoo Sands PDA) shown in Figure 1.1. 
1 
Cockatoo Sands hydrogeology 
The second and third of the above three tasks were undertaken in response to 
experience gained during agricultural development on a similar sized area of land 
near Kununurra. In 2011, the Federal Minister for the Environment (Australian 
Government 2011) placed stringent environmental conditions on the developers of 
the 7400ha Goomig Farmlands, 30 kilometres (km) north-west of Kununurra. The 
water-related components of the conditions were imposed because the freshwater 
sawfish (Pristis microdon) lives in the Keep River. This fish is listed as a threatened 
species in the ‘Matters of National Environmental Significance’ under the 
Environment Protection and Biodiversity Conservation Act 1999. 
In anticipation of similar requirements and to reduce potential delays to agricultural 
development, the physical and physicochemical baseline characteristics of the main 
surface water catchments that contain the Cockatoo Sands PDAs were reported in 
accordance with ANZECC and ARMCANZ (2000) protocols (Bennett et al. 2015). 
These baseline results will enable the derivation of local trigger values to provide a 
reference point for ongoing testing of the environmental compliance of run-off should 
this be required for agricultural development to occur. Even though current land use 
is predominantly low-intensity cattle grazing, Bennett et al. (2015) found that the 
creek systems are most appropriately classified as ‘moderately disturbed’, rather 
than ‘high conservation/ecological value’ as might be expected given the current land 
use. Bennett et al. (2015) also concluded that the Cockatoo Sands PDAs would have 
a relatively small surface-water related physicochemical ‘footprint’ compared to 
traditional flood-irrigated developments on black soils in the area. 
The third project task is to characterise the groundwater systems underlying the 
Cockatoo Sands PDAs. Hydrogeological characterisation is required to: 
• define the physical and physicochemical baseline conditions of underlying 
groundwater systems, if required for use in future environmental compliance 
• identify the opportunity for direct supply of irrigation water from groundwater 
sources 
• identify major hazards to land and water resources associated with agricultural 
development 
• provide the basis for developing appropriate management strategies to reduce any 
risks to natural resources. 
This report describes the baseline and other characteristics of the groundwater 
systems overlain by the two Cockatoo Sands PDAs. 
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Figure 1.1 Locality map showing the Victoria Highway and Carlton Hill Cockatoo 
Sands PDAs  
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2 Background 
2.1 Climate 
The climate around Kununurra is semi-arid, dry tropics. Rainfall is highly seasonal 
with about 90% of the annual total usually falling between November and March. The 
highest temperatures and accompanying highest rates of evaporation typically occur 
within the September to December period. 
The long-term average annual rainfall recorded at the Ivanhoe climate station (Figure 
1.1) is 802mm, and ranges from 355 to 1545mm (based on the July to June period 
between 1914 and 2015). Average annual Class A Pan evaporation is 2727mm 
(based on data from 1970 to 2015).  
We have used data from the Ivanhoe climate station because it is equidistant from 
the Victoria Highway and Carlton Hill areas and has the longest continuous record. 
Figure 2.1 shows the temporal pattern of average monthly rainfall, maximum 
temperature, minimum temperature and evaporation (based on 1914–2015 data for 
rainfall and 1970–2015 data for other factors). On average, monthly rainfall only 
exceeds monthly evaporation during February. 
 
Figure 2.1 Average monthly rainfall, evaporation and minimum and maximum 
temperatures recorded at the Ivanhoe climate station (source: Department of 
Science, Information Technology and Innovation 2015) 
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2.1.1 Rainfall trends 
There is a distinct increase in annual rainfall at the Ivanhoe climate station after 
1993, as shown by plots of the 10-year moving average and Accumulative Annual 
Residual Rainfall (Figure 2.2). Some informative rainfall statistics for the Ivanhoe site 
are: 
• the average annual rainfall for 1993–2015 is 954mm 
• 1993–2015 was 25% wetter than 1907–92 (99% confidence level) 
• 1993–2015 was 31% wetter than 1963–92 (99% confidence level) 
• 2013/14 is the fourth wettest year on record. 
 
Figure 2.2 Total annual rainfall (July to June) record from the Ivanhoe climate station 
between 1907 and 2015 (Source: Department of Science, Information Technology 
and Innovation 2015) 
2.2 Location, land use, physiography and surface drainage 
The Victoria Highway and Carlton Hill PDAs are located about 15km south-east and 
25km north, respectively, of the Kununurra townsite (Figure 1.1). The Carlton Hill 
area is 5km north-west of existing ORIA farmland. Both areas are close enough to 
the Ord River, the existing ORIA water supply source and/or its supply infrastructure 
to enable irrigation with water delivered by pipelines from it. 
Current and historic land use on the two areas and the catchments in which they lie 
is largely limited to rangeland cattle grazing. The Gulgagulganeng community — 
5 
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comprising seven dwellings — is adjacent to and downstream of the Victoria 
Highway PDA (Figure 1.1). 
2.2.1 Victoria Highway area 
Smolinski et al. (2015) describe the physiography of the Victoria Highway PDA as 
being a pediment consisting of very gently inclined rises and footslopes. Its southern 
edge borders sandstone hills adjacent to Matheson Ridge, a main drainage divide. 
Most of the area occurs at a height between 80 and 120 metres Australian Height 
Datum (mAHD) (Figure 2.3).  
About two-thirds (1541ha) of the area is contained within the 57 565ha catchment of 
Eight Mile Creek, a northward draining tributary of the 351 000ha Keep River 
Catchment (Figure 2.3). Almost all of the remainder (759ha) is in the Emu Creek 
Catchment, a 9116ha catchment that drains to the south-west into the Ord River. In 
this area, the Ord River has been flooded by Lake Kununurra, which has a mean 
water surface elevation of about 40mAHD. The catchments are substantially 
ephemeral. 
Bennett et al. (2015) identified that defined drainage lines are absent from areas of 
the Cockatoo Sands and concluded that their high infiltration properties result in 
generally low run-off. They also described that all of the defined creeklines in the 
Victoria Highway area originate in either sandstone outcrop or in low-lying areas 
consisting of soil types other than Cockatoo Sands. The absence of defined drainage 
lines is also a feature noted by Mory and Beere (1988, p. 155) who noted that 
sandplains “often show a poorly developed internal drainage system”. 
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Figure 2.3 Geographic, physiographic and drainage features of the Victoria Highway 
Cockatoo Sands PDA   
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2.2.2 Carlton Hill area 
Smolinski et al. (2015) describe the physiography of the Carlton Hill area as being 
gently inclined pediments that generally grade from 120mAHD in the west to 
40mAHD in the east. The Pretlove Hills and the Skewthorpe Ridge form the western 
extent of the area.  
Most of the Carlton Hill PDA (5950ha) lies within the five million hectare Ord River 
Catchment. About 5540ha of this is within the local D2 Catchment, a 13 300ha 
catchment also containing an area of irrigated black soils as part of the ORIA (Figure 
2.4). The D2 Catchment outflows into the Ord River via the D2 drain, which joins the 
D4 drain. The D4 drain also collects drainage from another 13 000ha catchment 
containing about 5300ha of irrigated black soils and some small areas (less than 
100ha in total) of Cockatoo Sands. A small section in the south-west of the Carlton 
Hill PDA grades southward towards the Ord River. 
A 562ha area of Cockatoo Sands in the north of the PDA is contained within the 
100 700ha Border Creek Catchment, which joins the Keep River Catchment close to 
where the Keep River becomes influenced by the tides. 
Bennett et al. (2015) noted that, like the Victoria Highway area, the areas of 
Cockatoo Sands in the Carlton Hill area have no defined creeklines that start within 
or completely traverse them. 
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Figure 2.4 Geographic, physiographic and drainage features of the Carlton Hill 
Cockatoo Sands PDA   
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2.3 Geology 
2.3.1 Origin of Cockatoo Sands 
The geology of the Victoria Highway and Carlton Hill areas are described and 
mapped at a scale of 1:250 000 by Plumb and Veevers (1971). Figure 2.5 and Figure 
2.6 are reproductions of that mapping, over areas similar to those shown in Figure 
2.3 and Figure 2.4. At this scale of mapping, both PDAs appear to be contained 
within the unit identified as Quaternary ‘sand, soil cover, alluvium, travertine’. Plumb 
and Veevers (1971) describe the sand component as occurring on sandstone plateau 
areas and in valleys close to sandstone ranges, with a widespread blanket of sand 
also covering much of the lowland areas. 
Mory and Beere (1988) also describe the geology of the area. They suggest that 
sandplains are mainly Cainozoic residual deposits resulting from the breakdown of 
the underlying sandstone parent material. They also report the presence of localised 
aeolian sand deposits adjacent to sandstone outcrop hills, further suggesting that 
transportation by wind was a significant past process that moved sand away from the 
sites of its parent material. Similar to the Plumb and Veevers (1971) mapping, the 
mapping by Mory and Beere (1988) indicates that the Cockatoo Sands PDAs occupy 
a much more widespread, undifferentiated, Quaternary sandplain unit. Neither 
mapping reference distinguishes between the aeolian and in situ derived deposits. 
However, it is likely that the study areas contain both types. 
Mory and Beere’s (1988) mapping indicates that the soils in the general Victoria 
Highway and Carlton Hill areas are likely to be originally derived from the underlying 
Palaeozoic sediments of the Bonaparte Basin. 
2.3.2 Basement geology 
Victoria Highway area 
The geological mapping by Plumb and Veevers (1971), reproduced in Figure 2.5, 
indicates it is likely that the quartz sandstones of the Upper Devonian, Cecil and 
Kelly’s Knob members of the Cockatoo Formation underlie most of the Victoria 
Highway area. The sandstone ranges that lie to the north-west, west and south of the 
Victoria Highway PDA largely consist of the Cecil and Kelly’s Knob members of the 
Cockatoo Formation. The Lower Carboniferous limestone of the Burt Range 
Formation outcrops to the east. To the south-east, the Carr Boyd Fault aligns with 
outcrop of the Ragged Range Conglomerate (Upper Devonian) sandstones, and less 
extensive areas of Lower Cambrian basalt. 
Smolinski et al. (2015) report that small, isolated outcrops of silicified sandstone 
containing chert (possibly the Upper Devonian, Hargraves Formation) occur within 
the eastern half of the PDA. 
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Figure 2.5 Geology of the Victoria Highway area (reproduced from Plumb & Veevers 
1971) 
11 
Cockatoo Sands hydrogeology 
Carlton Hill area 
The geological mapping by Plumb and Veevers (1971), reproduced in Figure 2.6, 
indicates it is likely that the quartz sandstones of the Cockatoo Formation underlie 
much of the Carlton Hill area. Here, the mapping does not distinguish individual 
members within the Cockatoo Formation.  
In addition to the outcrop of the Cockatoo Formation occurring within and around the 
Carlton Hill PDA to the north-east and the south, there are several small and isolated 
outcrops of Upper Cambrian Clarke Sandstone in the area (Figure 2.6).  
Hart Spring (Middle Cambrian) and Pentecost (Carpentarian) sandstone ranges abut 
the Carlton Hill PDA to the south-west, with extensive basalt outcrop exposed along 
the flank of the Ord River gorge further to the south. Large outcrops of Devonian, 
Ningbing Limestone and Jeremiah dolomite border the north and north-east edge of 
the PDA. Carpentarian, King Leopold Sandstone is the closest major outcrop to the 
east of the PDA. An extensive area of black soil alluvium overlays the basement to 
the south-east.  
Plumb and Veevers (1971) identified numerous faults in the area, which often appear 
to align with basement outcrop or changes in the type of outcrop. The extensive 
faulting that has occurred in the area may have resulted in the more complex and 
variable outcrop geology, compared to that of the Victoria Highway area.  
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Figure 2.6 Geology of the Carlton Hill area (reproduced from Plumb & Veevers 1971)  
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2.4 Groundwater  
2.4.1 Pre-existing groundwater data from bores 
Prior to this assessment, there was very limited information available about 
groundwater depth, dynamics or chemistry under the Victoria Highway PDA, Carlton 
Hill PDA and adjacent areas (Department of Water 2012). However, local drillers 
report that bores installed into the sandstones in the area typically yield small to 
moderate rates (less than 2 litres per second, L/s) of groundwater from shallow to 
intermediate (less than 50m) depths (J Coad 2012, pers. comm., 26 May).  
There are several existing bores located within or adjacent to the PDAs installed over 
the past 50 years or so (Figure 2.3 and Figure 2.4). Some of these remain equipped 
with operating pumps that supply tanks and troughs with livestock water on Carlton 
Hill Station and domestic water to the Gulgagulganeng community. However, some 
existing bores are no longer used because an alternative supply has been developed 
or they have become unserviceable due to corrosion and partial collapse of their 
steel casings. Unfortunately, there are no available construction specifications or 
data on water level, yield or water chemistry for the existing bores. Table 2.1 shows 
the location, status, casing size and casing construction material for the existing 
bores, as determined during the initial site reconnaissance and survey. 
Table 2.1 Location, status and casing specifications of existing bores within, or 
adjacent to, the Victoria Highway and Carlton Hill PDAs 
Bore  Area 
Northing 
(GDA94, 
Zone 52) 
Easting 
(GDA94, 
Zone 52) 
Elevation 
(mAHD) 
Total 
depth (m) 
Casing 
type Status 
8 Mile  Victoria 
Highway 
8252252 486346 66.111 4.74* 150mm 
steel 
Abandoned, was 
windmill equipped stock 
supply 
Gulgagulganeng 
Mill 
Victoria 
Highway 
8251449 477408 50.913 unknown 150mm 
PVC 
Abandoned, equipped 
with windmill 
Gulgagulganeng 
Supply 
Victoria 
Highway 
8251449 477408 51.0* unknown 150mm 
PVC 
Equipped as community 
water supply 
Gavins Victoria 
Highway 
8249071 487124 95.619 unknown 150mm 
PVC 
Stock supply, diesel 
Mono® pump equipped 
Gravel Pit Carlton 
Hill 
8282863 461324 33.616 unknown 150mm 
PVC 
Stock supply, diesel 
Mono® pump equipped 
Limestone 
Station 
Carlton 
Hill 
8297884 471144 48.543 unknown 150mm 
PVC 
Stock supply, diesel 
Mono® pump equipped 
Lyons Carlton 
Hill 
8285308 469238 48.724 unknown 150mm 
PVC 
Stock supply, diesel 
Mono® pump equipped 
Wagon 
Bottletree 
Carlton 
Hill 
8291456 459703 64.0* 39.9 150mm 
steel 
Abandoned, was 
windmill equipped stock 
supply 
*  Depth measured to a blockage in the casing; unlikely to be total depth of casing. 
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2.4.2 Evidence of shallow groundwater 
Victoria Highway area 
There is a small (about 100m2), permanent, shallow pool called Emu Springs located 
in a short (about 50m long) and more deeply incised section of Emu Creek 
(Figure 2.3). Emu Springs is indicative of the shallow groundwater present in the 
lower parts of the catchment.  
There are also several small and isolated areas of mostly bare, saline soil in the 
lower part of the Emu Creek Catchment (Figure 2.3). These saline areas are present 
as a result of the combination of poor drainage, stagnant groundwater and the 
resultant evaporative concentration of salts from the shallow groundwater. More 
extensive saline flats, containing shrub or heath and halophytic vegetation, occur 
adjacent to the bare areas (Smolinski et al. 2015). 
There are also several permanently wet areas along Eight Mile Creek indicating that 
there is a shallow watertable here. Additionally, there are some areas of active 
seepage, probably associated with large faults such as the Carr Boyd and Cockatoo 
faults, in the upper part of the Eight Mile Creek Catchment (Figure 2.3). 
During a soil survey conducted between May and July 2012, Smolinski et al. (2015) 
found that watertables were rarely encountered within a 4m depth beneath areas of 
Cockatoo Sands at Victoria Highway. In contrast, they found that watertables were 
commonly shallower than 2.5m in adjacent Pago soil units. Pago soils often occur 
downslope of the Cockatoo Sands, at the break of slope and along the broad valleys 
in the landscape. Smolinski et al. (2015) suggest that, at the time of their survey, 
watertables had probably receded from their maximum wet season level, and noted 
that the 2010/11 wet season had above-average rainfall.  
Figure 2.7 shows the mapping of soil type and depth to watertable in the Victoria 
Highway area undertaken by Smolinski et al. (2015).  
Smolinski et al. (2015) report that layers of iron–manganese segregations (or 
laminae) are usually present just above the weathered sandstone basement in 
Cockatoo Sands profiles. These layers tend to form ferruginous pans in lower lying 
areas or at the boundaries of the wetter Pago soils. Smolinski et al. (2015) describe 
that mottling of soil layers within and above these pans indicates seasonal soil 
saturation.  
Carlton Hill area 
There are fewer indications of permanent groundwater discharge in the Carlton Hill 
area. One such example is Ningbing Road spring, located in a small surface 
depression that contains limestone outcrop, about 0.5km downslope of the Cockatoo 
Sands PDA at 36.4mAHD elevation (Figure 2.4). While this spring is permanent, in 
the dry season the discharge rate is only sufficient to maintain overflow for a few 
hundred metres downstream — presumably where the flow infiltrates the creek floor 
and/or evaporates. Further along, this creekline becomes indistinct.  
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Garrys spring is the other local site of permanent groundwater discharge. It is located 
on the floor of a deeply incised creek, at about 30mAHD and close to the Ord River 
(Figure 2.4). The rate of groundwater discharge from Garrys spring is about 0.1L/s.  
There are no other areas of permanent groundwater discharge within or close to the 
Carlton Hill PDA.  
Smolinski et al. (2015) mapped the presence of shallow watertables beneath a much 
larger area of the Carlton Hill survey target area than for Victoria Highway (shown in 
Figure 2.8). While the presence of shallow watertables under the Pago soils located 
in flat and lower lying areas to the south of the Carlton Hill area was anticipated, the 
presence of the large area of shallow watertables in the central area, spanning both 
Pago soil and Cockatoo Sands areas, was not. Shallow watertable sin the central 
area were not expected because the central area is more elevated, has reasonable 
gradient, has adjacent dry areas below it and, based on limited observations made in 
existing bores at the time, is an area that was thought to have much deeper 
watertables. Smolinski et al. (2005) suggest that the shallow watertables 
encountered in the central area may be a relic of above-average rainfall conditions in 
previous years.  
 
Figure 2.7 Depth to watertable during May to June 2012 in the Victoria Highway area 
and mapped soil units (Smolinski et al. 2015) 
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Figure 2.8 Depth to watertable during May to June 2012 in the Carlton Hill area and 
mapped soil units (Smolinski et al. 2015) 
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3 Methods 
3.1 Groundwater dynamics 
Although there are several production bores within or near the Victoria Highway and 
Carlton Hill Cockatoo Sands PDAs (installed over the last 50 years or so), additional 
bores were required to allow groundwater level, yield, dynamics and water quality 
data to be collected from more sites under more controlled conditions. 
3.1.1 Site selection 
During 2012 and 2013, 11 deep and 37 surficial bores were installed. Their locations, 
except for bore 12CS22S, are shown in Figure 2.3 and Figure 2.4. Bore 12CS22S is 
located on a small, cleared area of Cockatoo Sands within the ORIA. The bores 
installed in this project are named using the standard DAFWA convention, that is, 
year drilled–location–number–type. Thus, bore 12CS01D is ‘2012–Cockatoo Sands–
site 1–deep piezometer’. Other types include ‘I’ to represent an intermediate-depth 
piezometer, ‘PB’ for a production bore and ‘S’ for a surficial (or shallow) bore. In this 
report, the term ‘surficial’ refers to the part of an aquifer that lies above the underlying 
hard sandstone or limestone and is unconfined. 
The surficial bore locations were selected to provide good spatial coverage of the 
Cockatoo Sands and adjacent downslope areas, to enable the dynamics of any 
intermittent, seasonal or permanent watertables to be measured.  
Deep bore locations were selected to allow groundwater data to be collected for the 
larger-scaled, local aquifers and to assess the local potential for irrigation supply from 
groundwater sources. Deep bore sites were therefore preferentially selected to 
provide adequate spatial coverage for monitoring and have the best local potential for 
groundwater yield in areas within or adjacent to the PDAs. Sites that had indications 
of higher potential yield and supply were first identified using a combination of 
published geological information and topography. Black and white aerial photography 
(at a scale of 1:50 000) was stereoscopically assessed for evidence of faulting or 
other large-scale linear features (or ‘lineaments’), in the basement rock that could 
provide additional foci for groundwater flow or accumulation. Appendix A shows the 
locations of possible lineaments identified by our interpretation. 
Final drilling targets for deep bores were then chosen considering the above factors, 
tempered by the practical considerations of getting the large, heavy drilling rig to the 
sites. 
The permanently flowing Ningbing Road spring was selected as an additional 
location for regular monitoring of deep groundwater quality. Once-off water level and 
physicochemical data was obtained further away from the PDAs at Wagon Bottletree, 
Gulgagulganeng Mill, Gulgagulganeng supply bores and Garrys spring (Figure 2.3 
and Figure 2.4). 
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3.1.2 Drilling methods 
Direct Drilling Australia Wide Pty Ltd., a commercial contractor, carried out all the 
drilling. A Hydco70 drilling rig was used to install the deep monitoring and pumping 
test bores. A 300mm diameter pre-collar hole was drilled, using the rotary air blast 
technique, through the surficial sand or alluvium layers until hard rock was 
encountered. A 260mm diameter steel collar was installed and cement grouted in 
place. A pilot hole of 140mm in diameter was then drilled to full depth using hammer-
equipped rotary air blast techniques. This method enabled the drilling supervisor to 
assess and record the rate of groundwater returned in the airstream, to provide an 
indication of the potential groundwater yield of the various strata encountered. Drill 
holes that returned greater than 2L/s flow of groundwater in the airstream were 
equipped as pumping test sites, requiring reaming to a 248mm diameter using the 
mud rotary technique. Lower yielding holes and holes planned for use as pumping 
test monitoring bore sites usually required cleaning out with the mud rotary technique 
before inserting the 50mm bore casing. 
A tractor-mounted EVH2100 drilling rig, fitted with 150mm diameter augers and a 
150mm tungsten-prong drilling bit, was used to install the surficial bores. Completion 
depth was determined when either hard sandstone or limestone rock was 
encountered — confirmed by examination of the drill cuttings.  
The drilling supervisor logged and placed drilling samples from 1m intervals into chip 
trays. The chip trays were stored to enable additional examination of the lithology. 
3.1.3 Bore construction and development 
The deep monitoring bores were constructed with 50mm diameter, class 18 PVC 
casings. Screens were made of the same material as the blank casing, perforated by 
machine-made horizontal slots of 0.5mm aperture. At least one centraliser per 6m of 
casing length was placed on the bore casings to ensure that the gravel pack was 
evenly distributed around the slotted section and that the slotted section did not make 
contact with the aquifer formation. The annulus was backfilled with 2–4mm graded 
sand to at least 1m above the top of the screened section. A pelletised bentonite seal 
of about 1m in length was installed on top of the gravel pack. The remaining annulus 
was backfilled with crushed sandstone rubble to 1m below the collar and then 
cement grouted up to the surface. A 1m-long, lockable, metal standpipe was installed 
over the casing to a depth of 0.4m, set into the cement grout. 
The pumping test bores were constructed with 155mm diameter, class 12 PVC 
casings that were glued and screwed at all joins. Screens were made of the same 
material as the blank casing, perforated by machine-made horizontal slots of 1mm 
aperture. At least one centraliser per 6m of casing length was placed on the bore 
casings to ensure that the gravel pack was evenly distributed around the slotted 
section and that the slotted section did not make contact with the aquifer formation. 
The annulus was backfilled with 2–4mm graded sand to at least 1m above the top of 
the screened section. A pelletised bentonite seal of about 1m in length was installed 
on top of the gravel pack. The remaining annulus was backfilled with crushed 
sandstone rubble to 1m below the collar and then cement grouted up to the surface. 
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A lockable, 260mm diameter, metal standpipe was installed over the casing and 
welded to the steel collar. 
The deep monitoring bores and pumping test bores were developed using airlifting 
until the discharge water was clear and free of sand, with flow rates recorded at 
regular intervals. At production bore sites, flow rates were measured with a 90° 
orifice weir plate. Sediment was sampled from 20L drums placed into the flow at the 
casing and recorded every 10 minutes. The amount of and changes in the sediment 
volume were assessed for at least 60 minutes or until the discharge was free of 
sediment. 
The surficial monitoring bores were constructed with 50mm diameter, class 18 PVC 
casings. Screens were made of the same material as the blank casing, perforated by 
machine-made horizontal slots of 0.5mm aperture. The annulus was backfilled with 
2–4mm graded sand to at least 0.5m above the top of the screened section. A 
pelletised bentonite seal of about 0.5m in length was installed on top of the gravel 
pack. The remaining annulus was backfilled with drill cuttings to 0.5m below ground 
and then cement grouted up to the surface. A 1m long, lockable, metal standpipe 
was installed over the casing to a depth of 0.4m, set into the cement grout. 
The surficial bores that contained water were developed by hand bailing within a few 
days of drilling. 
All pumping test bores, deep monitoring bores and a selection of the surficial bores 
were geophysically logged with Geonics EM39® electrical conductivity and natural 
gamma probes.  
Full geological, geophysical and construction details are provided in Appendix B. 
3.1.4 Groundwater depth monitoring 
The initial groundwater level in all new bores was measured within one week of 
construction. Thereafter, groundwater levels were manually measured at least twice 
a year — once in the late wet season and again in the late dry season. 
Most new bores were equipped with Ceradiver® (Schlumberger Pty Ltd) depth and 
temperature dataloggers in 2012. Unfortunately, most of this initial batch of loggers 
failed within one year. Although these were replaced under the manufacturer’s 
warranty, failures continued sporadically during the assessment period. To prevent 
further loss of groundwater level data from deep aquifers in particular, the Ceradiver® 
dataloggers in deeper bores were replaced in 2013 with Level TROLL® 400 (In-Situ 
Inc.) combined depth and temperature dataloggers. 
The Gavins, Gravel Pit, Limestone Station and Lyons operating station bores were 
also equipped with dataloggers, which required the Monopump® pump impellors and 
associated drive shafts to be removed from the bore casings first. Then, a 25mm 
diameter polyethylene pipe was inserted to below the standing water level and 
attached to the covering on the impellor shaft as the pump was re-installed. 
Kimberley Pumping Services undertook this work. The dataloggers were then 
installed inside the polyethylene pipe. 
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Groundwater level data was recorded by all dataloggers at four-hourly intervals and 
was downloaded to a portable computer about every six months.  
3.1.5 Access and surveying  
Drilling rig and workforce access was via existing tracks or alignments, such as 
station tracks, seismic lines and station fence lines. Some of the alignments required 
re-grading to enable access for the large drilling rig. Due to the boggy nature of the 
dry sand in several areas, the drilling rig and support trucks needed to be towed in by 
a large four-wheel-drive tractor. 
Access to surficial bore sites that were away from existing tracks was achieved by 
carefully negotiating the tractor-mounted drilling rig around trees and larger 
vegetation. This method caused minimal disturbance to the bush areas.  
Survey North used a Trimble® R6 GPS surveying system, which provided a 30mm 
vertical and 20mm horizontal accuracy, to survey the top of casing (TOC) and ground 
level at all existing and new bore sites. 
All bores were surveyed using the Geocentric Datum of Australia 1994 (Zone 52). All 
heights are referenced to AHD. 
3.2 Aquifer testing 
3.2.1 Pumping tests 
Four production bores were subjected to controlled pumping tests comprising of 
three continuous tests:  
• a step test of three 100-minute steps 
• a constant rate test (CRT) of 24-hour duration 
• a recovery test when pumping ceased.  
Three of the four production bores had accompanying piezometers — located at a 
distance equivalent to about twice the thickness of the target aquifer — that were 
also monitored during the pumping tests. There was no accompanying piezometer 
used for the pumping test on bore 12CS03PB. 
Construction of pumping test bores 
The construction methods of the pumping test production and monitoring bores are 
described in Chapter 3.1.3, with additional details for individual bores provided in the 
drilling logs in Appendix B. A summary of the construction details relevant to 
interpreting the pumping test results are provided in Table 3.1. 
All pumping test monitoring bores (except bore 12CS02PBEast) were constructed 
with 50mm diameter, class 12 PVC casings and screens. Bore 12CS02PBEast, 
which was used as a monitoring bore for the pumping tests on bore 12CS02PBWest, 
was constructed with similar specifications to the production bores.   
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Table 3.1 Construction details of production and monitoring bores and used for the 
pumping tests 
Bore  Bore use 
Casing depth 
(mBGL) 
Effective screened 
interval (mBGL) 
12CS01PB Pumped 74.50 56–74 
12CS01D Monitoring 46.90 38–47 
12CS02PBWest Pumped 40.75 13–41 
12CS02PBEast Monitoring 16.98 11–17 
12CS03PB Pumped 50.25 26–50 
12CS08PB  Pumped 41.00 17–41 
12CS08D Monitoring 24.05 18–24 
Pumping test work program 
Pumping tests were undertaken by Kimberley Pumping Services during 3–15 
September 2013, under the supervision of DAFWA personnel. Table 3.2 contains the 
configurations of the pumping tests for each bore. 
Table 3.2 Configuration of the pumping tests for each bore 
Pumping test bore 12CS01PB 12CS02PBWest 12CS03PB 12CS08PB 
Test start date 3/9/2013 5/9/2013 14/9/2013 8/8/2013 
Initial water level (mBGL) 4.68 3.81 10.48 11.88 
Pump inlet setting 
(mBGL) 
40 30 25 17 
Available drawdown (m) 35 26 14 5 
Main aquifer (mBGL) 20–53 14–36 26–58 17–41 
Saturated thickness (m)* 48 32 47 29 
Step 1 flow rate (m3/d) 75 118 90 113 
Step 2 flow rate (m3/d) 117 134 126 157 
Step 3 flow rate (m3/d) 176 171 Forked 186 
CRT flow rate (m3/d) 275 274 162 300 
Final water level (mBGL) 24.44 27.26 20.66 12.62 
Recovery water level 
(mBGL)† 
4.66 3.93 10.61 12.08 
*  Saturated thickness as measured from watertable to base of aquifer. 
†  Measured two hours after pumping ceased. 
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A four-inch submersible pump (Southern Cross Type 4E 21–20) with a 75mm outside 
diameter discharge line was used for each test. The pumped water was conveyed by 
plastic lay-flat hose and discharged about 100m away from each pumped bore. 
Pump flow rates were monitored using an ARAD® WST 9604 water meter connected 
to a Pentair nvolt® portable datalogger. Groundwater levels in the pumped bore and 
the nearby monitoring bore were measured manually using an electric water level 
probe and automatically logged using STS® DLN70 vented pressure transducer 
loggers. 
Water samples were taken and analysed when the bores were first installed. During 
test pumping, electrical conductivity (EC), pH and temperature of the discharge water 
were measured using WTW® portable meters. 
The step test, comprising a series of three controlled step increases in the flow rate 
for durations of 100 minutes each, was conducted on each production bore to 
evaluate bore efficiency, to assess the effectiveness of development and to predict 
short-term drawdown response under various pumping rates. The 24-hour CRT was 
undertaken to provide an estimate of the aquifer’s hydraulic properties and to 
evaluate potential long-term bore yields. The discharge rate used for each CRT was 
chosen on the basis of the step test results. The aquifer recovery test was performed 
to provide a second estimate of the aquifer’s hydraulic parameters. Aquifer recovery 
measurements were taken for at least two hours after pumping ceased.  
Pumping test data analysis techniques 
The Hantush-Bierschenk method (Hantush 1964, Bierschenk 1963) was used to 
determine the linear and nonlinear well-loss coefficients for the production bores to 
predict drawdown and calculate bore efficiency. 
Data from the monitoring bores was analysed using the AQTESOLV® Version 4.5 
Professional (Duffield 2007) software package. The Theis (1935) and Jacob’s 
straight-line (Cooper & Jacob 1946) analysis methods were applied to estimate 
aquifer parameters. 
The modified non-steady state flow equation (Hazel 2009) was used to determine the 
theoretical, sustained, potential pumping rate of the production bores.  
The modified Moell method (Maathuis & van der Kamp 2006) was used to determine 
the apparent long-term, safe bore yield of the production bores.  
The sustained (69 days) potential pumping rate was obtained by multiplying the 
discharge rate used in the CRT by the ratio of the available drawdown (from 
Table  3.2) to the extrapolated drawdown at 100 000 minutes (equation 1): 
QL = QCRT x (Sa / S105)     [1] 
Where: 
QL is the long-term pumping rate (m3/d) 
QCRT is the CRT pumping rate (m3/d) 
Sa is the available drawdown (m) 
S105 is the extrapolated drawdown to 100 000 minutes 
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The apparent long-term, safe bore yield was evaluated by determining the maximum 
discharge rate that, after 20 years of pumping, would not result in the water level 
falling by more than the available drawdown. A safety factor of 0.7 was also applied 
to offset any potential overestimates of safe yield that may result from well 
inefficiencies and losses over time — potentially caused by incrustations and bio-
fouling of the bore (Maathuis & van der Kamp 2006).  
The apparent long-term, safe bore yield was estimated by multiplying the safety 
factor (0.7) by the CRT discharge rate and the available drawdown, divided by the 
sum of the drawdown measured after 100 minutes of pumping, and the difference in 
predicted drawdown after 20 years and 100 minutes (equation 2): 
Q20 = 0.7 x QCRT x Sa / [S100 + (Se20y – Se100min)]  [2] 
Where: 
Q20 is the apparent safe yield over a 20-year period (m3/d) 
0.7 is the safety factor 
QCRT is the CRT discharge rate (m3/d) 
Sa is the available drawdown (m) 
S100 is the measured drawdown at 100 minutes (m) 
Se20y is the predicted drawdown after 20 years of pumping at QCRT (m) 
Se100min is the predicted drawdown at 100 minutes (m) 
3.2.2 Slug tests 
Slug addition tests (Bouwer and Rice 1976) were undertaken in April 2014 on the 
50mm diameter bores that had water levels above the screened section at that time. 
Nine shallow bores and one deep bore were tested using either 1m- or 2m-long slug 
displacement rods, constructed using 32mm (41.8mm outside diameter), class 12 
PVC pipe. The pipe was filled with concrete to ensure that the rods were heavy 
enough to sink quickly when introduced into the bores. The rods displaced 1.817L of 
water per metre of length, meaning that they would cause an initial 0.793m rise in 
water level per metre of rod introduced into 50mm, class 12 PVC bore casing. The 
two lengths of rod were constructed so that the most appropriate length could be 
used depending on the bore total depth, screen length and depth of water in the bore. 
The 2m section was used where possible to provide the maximum initial change in 
water level, while ensuring that the rod remained completely submerged during the 
test.  
Before the tests, Ceradiver® dataloggers were suspended near the bottom of the 
bore and the water level was allowed to equilibrate. The water level sensors were set 
to record water level at 0.5 second intervals — the highest logging frequency 
capability of the dataloggers. The displacement rod was then inserted to a calculated 
depth, to ensure that it would remain below the water when the water level 
subsequently equilibrated. Manual measurements of the water level were taken 
every five minutes, until the level receded to its original depth. The displacement rod 
was then withdrawn and the water level data was retrieved from the datalogger. 
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The slug test data was analysed to calculate the hydraulic conductivity using a 
partially automated Microsoft Excel® spreadsheet. We developed this spreadsheet to 
implement calculations of Bouwer and Rice’s (1976) method. 
3.3 Groundwater chemistry 
Deep bores installed by DAFWA and the Ningbing Road spring were sampled at the 
end of the wet and dry seasons for three years. Sampling occurred in October 2012, 
June 2013, October 2013, April 2014, November 2014 and May 2015. A similar 
routine of sampling from deep, pump-equipped bores that supply water to stations 
commenced in June 2013.  
Additional water samples were also collected from Wagon Bottletree, 
Gulgagulganeng Mill and Gulgagulganeng community water supply bores in May 
2015, and from Garrys spring in September 2012 and November 2013. 
Field measurement of pH, EC, temperature, dissolved oxygen (DO) and oxidation–
reduction potential (ORP) were obtained using portable meters (WTW® and YSI®) 
when the samples were collected (Table 3.3). 
Many of the surficial bores were either dry or contained only a small quantity of 
groundwater. Surficial groundwater reached its maximum level during the 2014/15 
wet season. All surficial bores that contained sufficient groundwater were sampled 
during the April 2014 sampling round. These samples were analysed for general 
chemistry (Table 3.4), calcium, potassium, magnesium and sodium. 
3.3.1 Sample collection and handling 
All deep, DAFWA-installed bores were developed after drilling by airlifting until the 
casing was free of sediment and pumping rates could be estimated. Surficial bores 
that contained sufficient water were developed by bailing. 
Whenever possible, bores were sampled with a low-volume, electric pump (Proactive 
Environmental Products Hurricane 12 volt). Bores that could not be pumped — 
because they contained insufficient water or recovered at a very low rate — were 
sampled using a hand bailer. To ensure that aquifer water was sampled, rather than 
the stagnant water residing in the casing between sampling events, samples were 
taken from just above the screen in pump-sampled bores, once the field-measured 
water quality parameters (Table 3.3) had stabilised. For bores sampled by bailing, 
the equivalent of three casing volumes of water was removed (if there was sufficient 
water) before sampling after the water level had recovered. Shallow bores that had 
insufficient water to do this were allowed to recover fully before sampling. Samples 
from the diesel-powered, Monopump®-equipped station bores were taken after 
operating the pump until the field-measured water quality parameters in the outflow 
had stabilised. 
The suite of analytes measured in the field and their limit of reporting (LOR) is shown 
in Table 3.3. Water samples obtained for laboratory metal analysis were filtered, 
acidified and stored in acid-washed, 125mL plastic containers that were completely 
filled to exclude air and kept cool. Samples for laboratory nutrient and general 
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chemistry analysis were stored in acid-washed, 500mL plastic bottles, completely 
filled and kept cool. Water samples for atrazine were collected in acid-washed, 50mL 
opaque glass bottles and kept cool. All water samples were refrigerated immediately 
and sent to the laboratory within a week of collection.   
Table 3.3 The field measurement suite of analytes with their abbreviations, LORs, 
units and analysis methods  
Analyte Symbol  LOR Units Analysis method 
Dissolved oxygen (%) DO  1 % Galvanic electronic probe 
Electrical conductivity EC 1 mS/m Electronic probe 
Oxidation–reduction potential ORP 0.1 mV Electronic probe 
pH pH 0.1 na Electronic probe 
Temperature Temp. 0.1 °C Electronic probe 
3.3.2 Analytes 
Laboratory analyses were undertaken by the Chemistry Centre of WA, a laboratory 
that is accredited by the National Association of Testing Authorities, Australia, and 
certified to ISO/IEC 17025:2005 standard. 
ANZECC and ARMCANZ (2000) recommend selecting analytes for baseline 
monitoring based on prior knowledge of the analytes that may pose a risk to the 
natural environment, or in case of groundwater that may be used for irrigation, a risk 
to potential crops. The suite of analytes we chose was comprehensive and 
encompassed all of the stressors and metal toxicants listed in the ANZECC and 
ARMCANZ (2000) surface water and irrigation water guidelines and the pesticide 
atrazine. 
Atrazine is an ideal indicator for the presence of agricultural chemicals in run-off from 
tropical, irrigated agriculture. We tested for its presence because it has an apparent 
high mobility in surface water and groundwater (Bennett & George 2011; Smith et al. 
2007). Although the presence of atrazine was not expected — given that there is no 
agricultural development in the catchments — it was sampled to provide a 
predevelopment baseline indicator for the presence of agricultural chemicals.  
The list of laboratory analytes, their abbreviations, the analysis methods and the 
LORs appear in Table 3.4 and Table 3.5. Some of the LORs reduced during the 
assessment period as laboratory analysis methods became more precise.  
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Table 3.4 The general chemistry measurement suite of analytes with their 
abbreviations, LORs, units, laboratory analysis methods and filtration status prior to 
analysis  
Analyte Symbol  LOR Units Analysis method Filtered 
Acidity Acidity 2 mg/L Titration N 
Alkalinity Alk. 1 mg/L Titration Y 
Bicarbonate HCO3 1 mg/L Titration Y 
Bromine Br 0.01/0.02 mg/L ICPAES Y 
Carbonate CO3 1 mg/L Titration Y 
Chloride Cl 1 mg/L Ion chromatography Y 
Electrical conductivity EC 0.02 mS/m Electronic probe N 
Fluoride F 0.05 mg/L Electrical probe Y 
Hardness Hard. 1 mg/L Calculation Y 
Hydroxide OH 1 mg/L Titration Y 
Ion balance Ion bal. –50 % Calculation Y 
Sulfate SO4 S  0.1 mg/L ICPAES Y 
Total nitrogen TN 0.02 mg/L PD, CaR, CR & 
AFIAC 
N 
Ammonium nitrogen NH4 N 0.01 mg/L CR & AFIAC Y 
Nitrate nitrogen NO3 N 0.01 mg/L CaR, CR & AFIAC Y 
Nitrite nitrogen NO2 N 0.01 mg/L CR & AFIAC Y 
Oxidised nitrogen NOx N 0.01 mg/L Sum of NO3 & NO2 N Y 
pH pH 0.1   Electronic probe N 
Total phosphorus TP 0.01 mg/L PD, CR & AFIAC N 
Soluble reactive 
phosphorus 
SRP 0.01 mg/L PO4 P by CR & AFIAC Y 
Total dissolved solids TDS Sum 1 mg/L Sum of anions/cations Y 
Note: AFIAC: Automated flow injection analysis colorimeter 
CaR: Cadmium reduction 
CIRD: Combustion and infrared detection 
CR: Colorimetric reaction 
ICPAES: Inductively coupled plasma atomic emission spectroscopy 
PD: Persulphate digestion. 
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Table 3.5 The metals and chemical toxicant suite of analytes with their abbreviations, 
LORs, units, laboratory analysis methods and filtration status prior to analysis  
Analyte Symbol LOR Units Analysis method Filtered 
Aluminium  Al  0.005 mg/L ICPAES Y 
Antimony  Sb  0.0001 mg/L CMS/ICPAES Y 
Arsenic  As  0.001 mg/L CMS Y 
Barium Ba  0.002 mg/L ICPAES Y 
Beryllium  Be  0.0001 mg/L CMS Y 
Bismuth  Bi  0.0001 mg/L CMS Y 
Boron  B  0.02 mg/L ICPAES Y 
Cadmium  Cd  0.0001 mg/L CMS Y 
Calcium Ca  0.01 mg/L ICPAES Y 
Chromium  Cr  0.001 mg/L ICPAES Y 
Cobalt  Co  0.0001/0.005 mg/L CMS/ICPAES Y 
Copper  Cu  0.0001/0.002 mg/L CMS/ICPAES Y 
Gallium Ga 0.0001 mg/L CMS Y 
Iron  Fe  0.005 mg/L ICPAES Y 
Lanthanum  La  0.0001/0.005 mg/L CMS/ICPAES Y 
Lead  Pb  0.0001 mg/L CMS Y 
Lithium Li  0.0001/0.005 mg/L CMS/ICPAES Y 
Magnesium  Mg  0.1 mg/L ICPAES Y 
Manganese  Mn  0.001 mg/L ICPAES Y 
Mercury  Hg  0.0001 mg/L CMS Y 
Molybdenum  Mo  0.001 mg/L CMS Y 
Nickel  Ni  0.001 mg/L CMS Y 
Potassium K  0.1 mg/L ICPAES Y 
Selenium  Se  0.001 mg/L CMS Y 
Silicon Si  0.05 mg/L ICPAES Y 
Silver Ag 0.0001 mg/L CMS Y 
Sodium Na  0.1 mg/L ICPAES Y 
Thallium Tl 0.0001/0.002 mg/L CMS/ICPAES Y 
Tin  Sn  0.0001/0.02 mg/L CMS/ICPAES Y 
Titanium Ti 0.002 mg/L ICPAES Y 
Uranium  U  0.0001 mg/L CMS Y 
Vanadium V 0.0001/0.005 mg/L CMS/ICPAES Y 
Zinc  Zn  0.001/0.005 mg/L CMS/ICPAES Y 
Atrazine Atra. 0.0001 mg/L Liquid chromatography N 
Note: CMS: Coupled mass spectroscopy 
ICPAES: Inductively coupled plasma atomic emission spectroscopy. 
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3.3.3 Data analysis  
Summary statistical analysis was performed on groundwater chemistry data using 
Microsoft Excel®. Coefficient of variation (COV) analyses was undertaken by dividing 
the statistical sample means by the statistical sample standard deviations. During 
data preparation for statistical analysis, concentrations that were reported as being 
below the LOR were assigned a value of half the LOR. Halving the LOR is one of the 
three suggested methods of dealing with LOR data during statistical analysis for 
determining baseline concentrations (ANZECC & ARMCANZ 2000). Alternatively, the 
LOR data can be excluded from the dataset, or a value equal to the LOR assigned 
during data analysis. The half LOR approach was used because it was considered 
more conservative. Using the other two methods tended to artificially increase the 
derived baseline concentrations. 
Where chemical analysis data were regularly below the LOR of a particular analyte, 
and the LOR varied by more than half an order of magnitude during the assessment 
period (Table 3.5), some of the LOR data was removed prior to statistical analysis. 
Variable LOR data was removed to prevent large artificial changes to the derived 
baseline levels. In the following instances LOR data were removed prior to statistical 
analysis: 
• Lanthanum concentration was reported at an LOR of 0.0001mg/L, from samples 
collected on 15 October 2013. 
• Thallium concentration was reported at an LOR of 0.02mg/L, from samples 
collected on 11 September 2012. 
• Tin concentration was reported at an LOR of 0.02mg/L, from samples collected on 
6 September 2012 and 4 June 2013. 
3.3.4 Suitability of groundwater as a resource for agriculture 
The ANZECC and ARMCANZ (2000) irrigation guidelines (Appendix C) were used to 
assess the suitability of the groundwater for direct irrigation for all parameters, except 
for any resulting adverse effects on soil salinity and sodicity.  
As the irrigation guidelines for soil salinity and sodicity require specific site details 
such as soil type, crop type and management practices, which are currently not able 
to be forecast for the Cockatoo Sands areas, the United States Department of 
Agriculture (USDA 1954) classification system for groundwater was used instead. 
The USDA salinity guidelines are provided in Appendix C, together with the 
salinity/sodicity relationships (as a Wilcox diagram) that were used for classification 
in this report. 
3.3.5 Rainfall collection for recharge estimation 
Rainfall was collected during the 2012/13 wet season from the DAFWA rainfall gauge 
at the Frank Wise Research Institute, Kununurra (Figure 1.1). This gauge was 
chosen for its location, being equidistant between the Victoria Highway and Carlton 
Hill areas, and for the convenience it afforded for daily sample collection by DAFWA 
staff. The total rainfall collected in the gauge at 9am each day was added to a 4L 
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plastic container that was kept frozen. At the end of each month, the sample — 
comprising the total monthly rainfall collected — was sent to the laboratory for 
analysis. A new container was used each month, allowing a volume-weighted 
monthly sample to be analysed for the mean concentration of major ions, general 
chemistry and bromide. 
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4 Results  
4.1 Local rainfall variability  
Table 4.1 shows the average annual rainfall (July to June) recorded by the Carlton, 
Ivanhoe, Kununurra, Department of Water (DoW) 502048 and DoW 502049 rain 
gauges (locations shown in Figure 1.1) during the period from 1998/99 to 2014/15. 
This was the period when all five rain gauges were operating. Table 4.1 also shows 
the annual rainfall (July to June) recorded by the same rain gauges between 2010/11 
and 2014/15. 
There are large differences between the sites’ average annual rainfalls. For example, 
up to 165mm more rainfall was recorded at DoW 502048 than at Ivanhoe (Table 4.1). 
However, the differences are not statistically significant (95% level of confidence).  
There was considerable variation in rainfall recorded at the different rain gauges 
during some years. For example, during 2010/11 there was more than 500mm 
additional rainfall recorded at Carlton, Kununurra and DoW 502048 than at Ivanhoe 
(Table 4.1). Given that the Ivanhoe rain gauge is located equidistant between the 
Carlton and Kununurra rain gauges (about 15km away from each), the difference in 
rainfall indicates that there is a large, localised, spatial variation in wet season 
thunderstorm (or monsoon) activity in the region.  
During the 2011/12 wet season, rainfall recorded at DoW 502048 was 300–500mm 
above that recorded by the other rain gauges, and much greater than the long-term 
average at Ivanhoe. Rainfall recorded at DoW 502048 was about 400mm more than 
Carlton Hill during the same period. 
Table 4.2 shows the annual rainfall deciles calculated for the period from 2010/11 to 
2014/15 at rain gauges that have long-term data available. Rainfall data recorded 
since 1993 was used as the basis for calculating the deciles. Rainfall during the 
2012/13 and 2014/15 wet seasons was well below average (less than decile 3), while 
the 2010/11 and 2013/14 wet seasons had well above-average rainfall (decile 9 on 
average). 
During 2013/14, there was similar rainfall recorded by the Carlton, Kununurra and 
Ivanhoe rain gauges. However, during the 2013/14 season there was about 200mm 
more rainfall recorded at DoW 502049 (in the Victoria Highway area, Figure 1.1), 
while there was about 200mm less rainfall at DoW 502048 (east of the Carlton Hill 
area). 
The difference in 2013/14 rainfall between the above sites is largely attributable to a 
major storm event during 5–10 February 2014, when 680mm was recorded at 
DoW 502049, 409mm at Kununurra, 390mm at Ivanhoe, 321mm at Carlton Hill and 
201mm at DoW 502048. During this period, the most extreme rainfall intensity 
occurred on 6 February at DoW 502049, where 410mm was recorded in one day. 
The maximum daily rainfall recorded by the other four rain gauges, though still 
extreme, was substantially lower, with 160mm at Kununurra, 158mm at Ivanhoe, 
132mm at Carlton Hill and 86mm at DoW 502048. These differences in daily rainfall 
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intensity provide further indication of the high degree of localised variability that can 
occur within monsoonal-low weather systems. 
Major flooding occurred within the Kununurra townsite and throughout the Ivanhoe 
Plain after the 6 February 2014 storm. Run-off caused Emu Creek to flood, requiring 
the closure of Victoria Highway and the evacuation of the Gulgagulganeng 
community. Based on the rainfall at DoW 502049, Pearce (2014) estimated the 
annual exceedance probability of the storm within the Emu Creek Catchment to be 
between 1 in 200 and 1 in 500. 
Table 4.1 Total annual rainfall (July to June) and average annual rainfall recorded by 
the Carlton, Ivanhoe, Kununurra and DoW 502049 rain gauges between 2010/11 and 
2014/15 
Site 
2010/11 
rainfall 
(mm) 
2011/12 
rainfall 
(mm) 
2012/13 
rainfall 
(mm) 
2013/14 
rainfall 
(mm) 
2014/15 
rainfall 
(mm) 
Average 
annual rainfall 
(mm)* 
Carlton 1550 868 763 1299 641 1068 
Ivanhoe 926 728 817 1336 650 990 
Kununurra 1433 928 791 1359 677 996 
DoW 502048 1587 1258 928 1047 687 1155 
DoW 502049 1225 944 901 1525 812 1025 
*  Average annual rainfall (July to June) between 1998/99 and 2014/15.  
Source: Department of Science, Information Technology and Innovation (2015) and 
Department of Water 
Table 4.2 The deciles of the annual rainfall (July to June) recorded by the Carlton, 
Ivanhoe and Kununurra rain gauges and the average decile for the three sites, 
between 2010/11 and 2014/15. Deciles are calculated using rainfall data from 
1993/94 to 2014/15 
Site 
2010/11 
decile 
2011/12 
decile 
2012/13 
decile 
2013/14 
decile 
2014/15 
decile 
Carlton 10 4 1 8 1 
Ivanhoe 6 3 3 9 1 
Kununurra 10 5 1 9 1 
Average 9 4 2 9 1 
Source: Department of Science, Information Technology and Innovation (2015) 
Local rainfall preceding and during the assessment is likely to have had a large 
influence on the groundwater dynamics recorded (Chapter 4.2.2). The localised 
effects of any variability in rainfall are therefore important to quantify for each area.  
In the Victoria Highway area, the DoW 502049 rain gauge is located adjacent to the 
PDA and therefore provides a reliable indication of local rainfall conditions. Table 4.3 
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shows the rainfall deciles calculated using the rainfall data from DoW 502049 
between 2010/11 and 2014/15 using the long-term data from the Kununurra rain 
gauge as a reference. Rainfall during 2010/11 was slightly above average, during 
2011/12 it was average, 2012/13 was a slightly below-average year, 2013/14 was 
well above average, and rainfall during 2014/15 was well below average. 
Table 4.3 Rainfall deciles for the Victoria Highway area calculated using rainfall data 
from DoW 502049 compared to long-term data from the Kununurra rain gauge 
between 2010/11 and 2014/15 
Rainfall year 2010/11 2011/12 2012/13 2013/14 2014/15 
Rainfall decile 7 5 4 10 3 
The Carlton Hill PDA is equidistant between the Carlton Hill and DoW 502048 rain 
gauges (Figure 1.1). Because of the large differences in rainfall recorded by these 
two gauges (Table 4.1), an average was used to estimate the local rainfall for the 
Carlton Hill PDA. Table 4.4 shows the rainfall deciles calculated using the average of 
rainfall at DoW 502048 and Carlton Hill between 2010/11 and 2014/15, using the 
long-term data from Carlton Hill as a reference. Rainfall during 2010/11 was well 
above average, during 2011/12 it was average, 2012/13 was a well below-average 
year, 2013/14 was slightly above average, and during 2014/15, rainfall was well 
below average. 
Table 4.4 Rainfall deciles for the Carlton Hill area calculated using the average of 
data from DoW 502048 and Carlton Hill rain gauges, compared to long-term data 
from Carlton Hill between 2010/11 and 2014/15 
Rainfall year 2010/11 2011/12 2012/13 2013/14 2014/15 
Rainfall decile 10 5 2 6 1 
4.2 Hydrogeology 
Bore construction details and initial water levels of the 5 pumping test bores, 6 deep 
bores and 37 surficial bores installed in 2012 and 2013 are summarised in Table 4.5 
for the Victoria Highway area and Table 4.6 for the Carlton Hill area. Appendix B 
contains the full geological and construction details, and the natural gamma and 
EM39 logs for selected bores. 
In the Victoria Highway area, all surficial bores were screened into a generally sandy 
material, varying in texture between sand, sandy loam and clayey sand at different 
sites. Areas of Cockatoo Sands tended to have a less clayey-textured regolith than 
areas of Pago soils or other soils (Smolinski et al. 2015). The screens of some 
surficial bores partially penetrated the softer, weathered, upper layers of the 
underlying Cockatoo Formation sandstone rock (Table 4.5 and Appendix D). The 
sandstone rock was quite shallow, generally at less than 5m depth, although it 
ranged between 1.4 and 11.5m below the surface. 
All deep bores and pumping test bores in the Victoria Highway area are screened 
into the variably weathered Cecil Sandstone member of the Cockatoo Formation. 
33 
Cockatoo Sands hydrogeology 
Generally, the sandstone rock became harder, less coloured and less weathered with 
increasing depth. The maximum yield of groundwater returned in the drilling 
airstream varied between 1L/s and 40L/s at different sites. The more intensely and 
deeply weathered sites yielded greater rates of groundwater return (Appendix B). 
Bore 12CS02PBEast had the highest water yield during drilling, mainly generated 
from a highly weathered interval 10–30m below ground. Unfortunately, the high 
yielding interval at bore 12CS02PBEast was so unstable that the drill hole could not 
be kept open to allow the bore casing to be installed to the required depth. The high 
yielding interval of the aquifer at bore 12SC02PBEast was highly localised. Bore 
12CS02PBWest, drilled 40m away and successfully screened between 12.75 and 
40.75m, yielded only 3L/s during airlifting development. All other sites in the Victoria 
Highway area also yielded much lower rates of groundwater, either during drilling or 
bore development.  
In the Carlton Hill area, most surficial bores were screened into sandy to clayey-sand 
material. As in the Victoria Highway area, the regolith beneath Cockatoo Sands 
tended to be less clayey-textured than that underlying the Pago (or other) soils. 
Cockatoo Formation sandstone underlies most of the surficial bore sites, at depths 
ranging between 4 and 8m. However, bore 13CS35S, located in an area of 
Packsaddle soil, is underlain by Ningbing Limestone formation at about 4m deep.  
Bore 12CS08PB was the only pumping test bore installed in the Carlton Hill area. 
Screened between 17 and 41m depth into fractured Ningbing Limestone, this bore 
returned water at about 5L/s during development by airlifting. Below 41m deep, the 
limestone was much less fractured and did not yield additional water as the drilling 
depth increased. Bore 12CS09I — the other site chosen for deep drilling in the 
Carlton Hill area — had a silty-textured regolith from 8m to 43m deep, which was the 
maximum depth drilled. Presumably, the silty regolith at bore 12CS09I is the product 
of weathered material being deposited into the large, fault-bound, downthrown valley 
that separates the adjacent silty-textured, sandstone ridges (Plumb & Veevers 1971). 
34 
 Table 4.5 Bore construction details and the initial water levels recorded in the Victoria Highway area 
Bore  
Easting 
(GDA94) 
Zone 52 
Northing 
(GDA94) 
Zone 52 
Elevation 
TOC 
(mAHD) 
Depth 
drilled  
(mBGL) 
Casing 
length 
(m) 
Casing 
above 
ground 
(m) 
Screen 
from 
(mBGL) 
Screen 
to 
(mBGL) Screened strata 
Overlying 
soil type* 
Depth to 
water 
(mRGL) 
12CS01D 485346 8252353 73.96 52.0 47.60 0.70 37.90 46.90 Sandstone Pago –4.78 
12CS01PB 485360 8252387 73.55 75.7 75.10 0.60 56.50 74.50 Sandstone Pago –4.43 
12CS01S 485357 8252382 73.64 2.5 3.00 0.60 0.40 2.40 Loamy sand & weathered sandstone  Pago –2.35 
12CS02PBEast 485587 8253225 66.42 40.0 6.00 0.60 10.98 16.98 Weathered sandstone Other –3.69 
12CS02PBWest 485560 8253241 66.75 41.0 41.45 0.70 12.75 40.75 Weathered sandstone Other –3.69 
12CS03PB 487909 8249716 84.20 50.3 50.85 0.60 26.25 50.25 Sandstone Cockatoo –10.17 
12CS04D 480428 8251924 64.32 49.0 49.00 0.60 7.00 49.00 Sandstone Pago –0.82 
12CS04S 480426 8251923 64.31 1.2 1.80 0.60 0.20 1.20 Fine sand Pago Dry 
12CS05D 482894 8251059 84.67 40.0 40.17 0.80 3.32 39.32 Sandstone Cockatoo –14.55 
12CS05S 482890 8251073 84.30 1.2 1.74 0.50 0.24 1.24 Fine sand & weathered sandstone Cockatoo Dry 
12CS07D 488582 8251131 70.44 43.0 44.00 1.00 37.00 43.00 Weathered sandstone Other 2.6 
12CS10S 484846 8251096 88.42 5.5 5.20 0.60 2.60 4.60 Loamy sand Cockatoo Dry 
12CS11S 485065 8251694 83.16 4.0 4.10 0.60 1.50 3.50 Loamy sand & weathered sandstone  Cockatoo Dry 
12CS13I  483217 8252600 76.39 8.5 8.10 0.60 5.50 7.50 Weathered sandstone Cockatoo Dry 
12CS13S  483219 8252599 76.39 2.1 2.70 0.60 1.10 2.10 Fine sand Cockatoo Dry 
12CS14S 483892 8252126 86.23 10.5 10.40 0.60 7.80 9.80 Clayey sand Cockatoo Dry 
12CS15S 485862 8251159 76.44 4.5 4.50 0.60 0.90 3.90 Loamy sand & weathered sandstone  Cockatoo Dry 
12CS16S 485728 8250708 79.90 7.0 6.53 0.60 1.93 5.93 Fine sand & weathered sandstone  Cockatoo Dry 
12CS17S 485946 8249860 89.15 7.5 8.05 0.60 5.45 7.45 Loamy sand & weathered sandstone  Cockatoo Dry 
 
 Bore  
Easting 
(GDA94) 
Zone 52 
Northing 
(GDA94) 
Zone 52 
Elevation 
TOC 
(mAHD) 
Depth 
drilled  
(mBGL) 
Casing 
length 
(m) 
Casing 
above 
ground 
(m) 
Screen 
from 
(mBGL) 
Screen 
to 
(mBGL) Screened strata 
Overlying 
soil type* 
Depth to 
water 
(mRGL) 
12CS18S 487759 8249208 91.44 11.5 11.50 0.60 4.90 10.90 Loamy & clayey sand Cockatoo Dry 
12CS19S 487984 8250266 79.38 3.0 3.47 0.60 0.87 2.87 Sandy loam & sandy clay Pago –2.62 
12CS20S 489862 8248430 89.16 7.8 8.30 0.60 5.70 7.70 Loamy sand Cockatoo Dry 
12CS21S 490347 8248695 84.33 11.5 11.50 0.60 4.90 10.90 Clayey sand & weathered sandstone  Cockatoo –4.54 
12CS22S 473443 8267036 45.50 1.4 1.90 0.50 0.40 1.40 Sandy loam Cockatoo Dry 
12CS51S 478566 8251266 69.66 2.5 2.75 0.60 1.15 2.15 Loamy sand Cockatoo Dry 
12CS52S 478986 8251974 64.72 7.5 7.78 0.60 4.18 7.18 Loamy sand Cockatoo –6.15 
12CS53S 479971 8251557 70.33 5.9 5.80 0.60 3.20 5.20 Loamy sand & weathered sandstone  Cockatoo Dry 
12CS56S 481277 8252084 72.24 3.0 3.40 0.60 0.80 2.80 Loamy sand & weathered sandstone  Cockatoo Dry 
12CS57S 480747 8252590 58.99 3.0 3.30 0.60 0.70 2.70 Clayey sand Pago –0.97 
12CS58S 479278 8254577 57.69 4.5 3.65 0.60 1.05 3.05 Clayey sand Pago –1.58 
12CS59S 483959 8250906 94.26 4.5 5.06 0.80 2.26 4.26 Loamy sand & weathered sandstone  Cockatoo Dry 
13CS60S 482846 8255681 70.24 5.1 5.93 0.60 3.33 5.33 Sandy clay & weathered sandstone Packsaddle Dry 
8 Mile  486346 8252252 66.11 Unknown Unknown Unknown Unknown Unknown Likely sandstone Other –0.02 
Gulgagulganeng Mill 477408 8251449 50.91 Unknown Unknown Unknown Unknown Unknown Likely sandstone Other –0.34 
Gulgagulganeng Supply 477408 8251449 51.00 Unknown Unknown Unknown Unknown Unknown Likely sandstone Other Unknown 
Gavins 487124 8249071 95.62 Unknown Unknown Unknown Unknown Unknown Likely sandstone Cockatoo –26.00 
* Source: Smolinski et al. (2015) 
 
 Table 4.6 Bore construction details and the initial water levels recorded in the Carlton Hill area 
Bore  
Easting 
(GDA94) 
Zone 52 
Northing 
(GDA94) 
Zone 52 
Elevation 
TOC 
(mAHD) 
Depth 
drilled  
(mBGL) 
Casing 
length 
(m) 
Casing 
above 
ground (m) 
Screen 
from 
(mBGL) 
Screen 
to 
(mBGL) Screened strata 
Overlying 
soil type* 
Depth to 
water 
(mRGL) 
12CS08D 470143 8293388 62.70 25.0 24.75 0.70 18.05 24.05 Weathered & fractured limestone Packsaddle –9.32 
12CS08PB 470137 8293366 62.62 58.0 41.60 0.60 17.00 41.00 Weathered & fractured limestone Packsaddle –9.29 
12CS09I 466030 8287012 76.02 43.0 43.70 0.70 31.00 43.00 Silt Other –36.73 
12CS23S 465686 8281567 39.60 6.0 6.70 0.70 4.00 6.00 Clayey sand Pago –5.04 
12CS24S 464493 8282034 40.32 6.0 5.50 0.60 2.90 4.90 Sandy clay Pago –3.31 
12CS25S 462696 8282984 39.91 6.0 6.70 0.70 3.30 6.00 Clayey sand Pago –4.35 
12CS26S 467230 8283948 67.04 6.0 5.70 0.60 2.10 5.10 Loamy sand Cockatoo –4.11 
12CS27S 467622 8286428 77.03 6.2 6.25 0.60 2.65 5.65 Clayey sand & weathered sandstone  Cockatoo –4.01 
12CS28S 465381 8287028 76.01 5.5 3.97 0.60 1.37 3.37 Loamy sand & weathered sandstone  Cockatoo Dry 
12CS29S 465434 8288673 81.64 7.0 7.59 0.60 4.99 6.99 Loamy sand Cockatoo –4.5 
12CS30S 463950 8291468 95.50 8.5 8.90 0.60 6.30 8.30 Clayey sand Cockatoo –6.92 
12CS31S 470143 8286661 45.29 7.0 6.65 0.70 3.95 5.95 Clayey sand & weathered sandstone  Cockatoo Dry 
12CS32S 469504 8288662 52.72 4.0 4.55 0.50 1.55 4.55 Clayey sand & weathered sandstone  Pago –3.08 
12CS33S 469705 8294488 64.06 5.2 5.80 0.60 2.20 5.20 Loamy sand Cockatoo Dry 
12CS34S 470101 8295613 59.48 8.9 8.35 0.60 5.75 7.75 Clayey sand Cockatoo Dry 
13CS35S 470146 8291281 56.37 4.5 4.53 0.60 1.93 3.93 Sandy clay & limestone Packsaddle Dry 
Gravel Pit 461324 8282863 33.62 Unknown Unknown Unknown Unknown Unknown Likely sandstone Other –7.01 
Limestone Station 471144 8297884 48.54 Unknown Unknown Unknown Unknown Unknown Likely limestone Other –4.89 
Lyons 469238 8285308 48.72 Unknown Unknown Unknown Unknown Unknown Likely sandstone Other –9.3 
Wagon Bottletree 459703 8291456 64.00 Unknown Unknown Unknown Unknown Unknown Likely sandstone Other –10.26 
* Source: Smolinski et al. (2015) 
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4.2.1 Groundwater elevation 
Maps of groundwater elevation were produced using a combination of: 
• groundwater levels from DAFWA-installed bores observed in November 2013  
• groundwater levels from existing station bores observed in November 2013 
• the most recent observations from other historical bores adjacent to the area 
• evidence of permanent or transient shallow groundwater, identified in aerial 
photography and confirmed by field verification. 
Victoria Highway area 
Figure 4.1 shows the contour map of groundwater heads for the Victoria Highway 
area. Much of the Cockatoo Sands PDA straddles the groundwater divide between a 
northward flowing groundwater system that also approximates the direction and 
gradient of the Eight Mile Creek surface water catchment (Figure 2.3), and a 
westward flowing system that coincides with surface water catchments that drain 
towards the Ord River. An area with low groundwater gradient to the north-west of 
the PDA, near bore 13CS60S, aligns with the divide between the Eight Mile Creek 
and Emu Creek groundwater and surface water systems.  
The low average groundwater gradient of 0.1% along the main axis of Emu Creek, 
between bore 13CS60s and the Ord River, is likely to be partially controlled by the 
water level maintained in Lake Kununurra by the Ord Diversion Dam. There are 
permanent spring zones in this area, such as Emu Springs, the groundwater 
discharge area adjacent to the Victoria Highway culvert (Bennett et al. 2015) and 
saline areas along Emu Creek (Figure 2.3). Groundwater seepage was also 
observed around bore 12CS04S and downslope of bore 12CS52S following the 
2013/14 wet season. 
Groundwater levels are also close to the surface in the area between bore 12CS15S 
and 8 Mile bore (Figure 2.3), near the northern boundary of the PDA where the 
ground slope flattens. Temporary seepage from the Pago soil areas along the break 
of slope in this area was observed early in the 2013 and 2015 dry seasons. 
Figure 4.1 shows the alignments of three selected hydrogeological cross-sections 
through the Victoria Highway PDA and Figure 4.2 shows the cross-sections and the 
elevation of the maximum and minimum groundwater head observed during the 
2012–15 monitoring period. In each of the cross-sections, the groundwater heads 
under areas of Cockatoo Sands are relatively deep, below the regolith and contained 
within the sandstone rock. In contrast, Pago soils have a much shallower depth to 
groundwater that fluctuates within the regolith. Chapter 4.2.2 describes the dynamics 
of the groundwater head fluctuations. 
Beneath the Cockatoo Sands the groundwater gradient is about 0.1%. The 
groundwater gradients are steeper under the Pago soils on the flanks of the valleys. 
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Figure 4.1 Contour map of groundwater heads (mAHD) for the Victoria Highway area 
in November 2013, and the location of the cross-sections shown in Figure 4.2   
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Figure 4.2 Hydrogeological cross-sections through the Victoria Highway area along 
sections (a) VHA–VHB, (b) VHA–VHC and (c) VHD–VHE. See Figure 4.1 for cross-
section locations 
(a) 
(b) 
(c) 
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Carlton Hill area 
Figure 4.3 shows the contour map of groundwater heads in the Carlton Hill area. The 
groundwater contours shown in Figure 4.3 indicate that much of the Carlton Hill PDA 
overlies a groundwater system with a gradient towards the east-south-east. 
Gradients are typically about 0.4% in much of the lower-elevation areas in the north 
and east, increasing to about 1% in the steeper areas to the west. There is a 
relatively indistinct groundwater divide under the Jeremiah Hills, which also 
approximately coincides with the surface water divide separating the Border Creek 
Catchment from the southern-flowing subcatchments of the Ord River (Figure 2.4).  
There is an anomaly in groundwater elevation at bore 12CS09I. Here, the 
groundwater elevation of about 39mAHD appears to be much lower than expected 
when compared to other bores in the vicinity. Bore 12CS09I is in an area where the 
sandstone basement is extensively faulted, having large, mapped faults and 
interpreted lineaments trending north-north-east and west-north-west (Figure 4.3 and 
Appendix A). These types of fault systems can locally compartmentalise groundwater 
systems by causing linear zones of highly variable hydraulic conductivity to develop 
in the sandstones. These, in turn, can result in large changes in hydraulic head 
across relatively short distances, in groundwater systems contained within faulted 
sandstones (Cilona et al. 2015). While it was possible to construct groundwater 
contours that link bore 12CS09I with the other contours shown in Figure 4.3, these 
are not shown because we are uncertain how they would align with the large 
sandstone outcrops and large faults that separate bore 12CS09I from the other bores.  
The alignment of the hydrogeological cross-section through the main part of the 
Carlton Hill area (CHA–CHB) is detailed in Figure 4.3. Figure 4.4 shows the cross-
section itself, with groundwater heads observed in October 2012. Groundwater is 
relatively deep under areas of Cockatoo Sands, mostly being contained within the 
underlying sandstone rock. As in the Victoria Highway area, the groundwater is 
generally much shallower under and within the regolith in areas of Pago soils. 
Chapter 4.2.2 describes the dynamics of the groundwater head fluctuations. 
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Figure 4.3 Contour map of groundwater heads (mAHD) in the Carlton Hill area in 
November 2013, and the location of the cross-sections shown in Figure 4.2 
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Figure 4.4 Hydrogeological cross-section (CHA–CHB) through the Carlton Hill area. 
See Figure 4.3 for the cross-section location  
4.2.2 Groundwater level dynamics 
Appendix D provides the water level response hydrographs for the 55 bores 
monitored during the 2012–15 assessment period. Logger and manually observed 
water elevations, relative to AHD, are shown.  
The hydrographs at many sites have gaps of varying duration in the logger data 
because of the failure of the Ceradiver® loggers. All surficial bores, except 12CS52S 
and 12CS58S, were dry at some time during 2012–15, with several remaining dry 
throughout the entire period. When a bore was dry, the elevation of the bottom of the 
bore or the elevation of the logger sensor, for the manual or logger data, respectively, 
is displayed in Appendix D.  
The logger hydrographs for the station water supply bores show multiple periods of 
drawdown that coincide with periods of pumping. The water level in Lyons bore also 
shows a rebound of short duration at the end of the pumping periods, which we 
attribute to pipeline pressure release.  
Victoria Highway area 
The prominent feature of most groundwater hydrographs (Appendix D) from bores in 
the Victoria Highway area is the response of water levels to the period of extreme 
rainfall during 5–10 February 2014, when 680mm of rain was recorded.  
There appears to be several types of hydrographic responses to the event, 
depending on the depth of the bore and its position in the landscape. 
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Water levels in surficial bores (those installed near the top of the sandstone rock) that 
are located high in the landscape and screened well above the underlying permanent 
aquifer, have very dynamic responses. The dynamic responses indicate that a very 
short-term, perched aquifer develops in response to the extreme rainfall and 
recharge. Presumably, the perched aquifer develops above a boundary of lower 
hydraulic conductivity that appears to coincide with the boundary between the sandy 
textured regolith and the weathered surface of the underlying sandstone rock. An 
example of the rapid development and recession of a perched aquifer is shown for 
bore 12CS10S (Figure 4.5). Water level data from bore 12CS59S (Appendix D) 
provides a similar example of this type of response where, as for bore 12CS10S, a 
perched aquifer persisted for about a week. 
 
Figure 4.5 Watertable response to rainfall in bore 12CS10S showing the 
development of a perched aquifer which lasted about seven days 
Surficial bores located in mid-landscape positions that either partially intersect or are 
screened just above the permanent watertable, have similar or larger rapid 
responses, particularly where the regolith is relatively thin. In these areas, the 
subsequent watertable recession is more prolonged, controlled by a combination of 
aquifer drainage and transpiration by the native vegetation, rather than by the rate of 
vertical drainage as for the temporary perched aquifers. Figure 4.6 shows an 
example of the watertable responses observed under Cockatoo Sands areas located 
in mid- to low-landscape positions. The watertable in bore 12CS21S responds by 
about 5m within four days of the rainfall event starting (on 5 February 2014) and then 
recedes at an average annual rate of about 3m/y during the following dry season. 
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Figure 4.6 Watertable response to rainfall in bore 12CS21S  
In September 2012, the watertable at bore 12CS21S was about 78mAHD and then 
continued to decline over the 2012/13 wet season until the bore was dry. The initial 
water level was presumably a relic of the 2010/11 and the 2011/12 wet seasons, 
which were above average (decile 7) and average (decile 5) for rainfall, respectively 
(Table 4.3).  
The lack of any watertable response during the 2012/13 wet season indicates that 
minimal recharge occurred as a result of the slightly below-average rainfall conditions 
(decile 4, Table 4.3). During the 2014/15 wet season, the watertable responded by 
about 1.5m, even though this was a relatively low rainfall period (decile 3). The 
response in 2014/15 may have been because the watertable was still quite elevated, 
meaning that there was an insufficient thickness of unsaturated regolith available to 
absorb the infiltrated rainfall during that season. Additionally, the moisture content of 
the unsaturated profile could have been higher at the onset of the 2014/15 wet 
season than at the start of the 2012/13 wet season, following the wetter 2013/14 
period. 
Hydrographs from bores 12CS14S, 12CS15S, 12CS16S, 12CS17S, 12CS18S 
12CS19S, 12CS20S, 12CS52S, 12CS53S and 12CS56S (Appendix D, bore 
locations shown in Figure 2.3) show a similar pattern of response to that of bore 
12CS21S over the 2012–15 period.  
In lower landscape positions, the surficial groundwater is persistently shallow and 
dynamically responsive during wet seasons. Generally, bore sites in the lower 
landscape are in areas of Pago or associated soils that have more clayey textures 
over relatively shallow sandstone basement, where the sandstone rock and/or 
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watertable is relatively shallow (<4m). Figure 4.7 shows the watertable response for 
bore 12CS01S, a typical example of the pattern of response observed in the lower 
landscape. In bore 12CS01S, the watertable responds rapidly at the onset of each 
wet season, fluctuates close to the ground surface during much of each wet season, 
declines gradually as rainfall diminishes towards the end of each wet season, then 
declines very rapidly once rainfall ceases. The hydrographs from bores 12CS04S, 
12CS57S and 12CS60S (Appendix D) show a similar pattern of response to that of 
bore 12CS01S over the monitoring period. 
 
Figure 4.7 Watertable response in bore 12CS01S and piezometric response in bores 
12CS01PB and 12CS01D 
The piezometric responses in deep bores screened within the sandstone rock aquifer 
are generally less dynamic than the watertable responses in the surficial bores. For 
example, the heads in bores 12CS01PB and 12CS01D declined at an annual rate of 
about 0.4m/y during 2013, rose by about 3m between February and July 2014, then 
declined again at about 0.4m/y, until they rose and then fell by about 0.1m over the 
2014/15 wet season (Figure 4.7).  
A similar pattern of response is evident in most of the deep bores in the Victoria 
Highway area (Appendix D, bores 12CS03PB, 12CS04D, 12CS05D and 12CS07D), 
although the magnitude of the seasonal responses reduce with increasing depth to 
water.  
The more subdued responses to rainfall observed in the deep sandstone aquifer, 
together with the difference in head between the deep and surficial bores at paired 
sites, such as bores 12CS01PB and 12CS01S in Figure 4.7 indicates that deeper 
sections in the sandstone aquifer may be semi-confined. Specifically, a semi-
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confined deep aquifer appears to be the situation at bore 12CS07D (Appendix D), 
which is screened at 37–43mBGL and has a consistently artesian head (2.5–4m 
above ground), yet is located in an area with no obvious groundwater discharge.  
In contrast, the hydrograph for bore 12CS02PBWest shows a much more dynamic 
response to rainfall and has a large annual cycle of response to each wet season of 
about a 2–3m amplitude (Figure 4.8). This pattern of piezometric response suggests 
an unconfined sandstone aquifer.  
 
Figure 4.8 Piezometric response in bores 12CS02PBEast and 12CSPBWest 
There is no apparent underlying longer-term trend in depth to groundwater in the 
Victoria Highway area. The responses observed during the monitoring period indicate 
that groundwater in the area is probably in equilibrium, overprinted with periods of 
episodic recharge followed by periods of aquifer drainage.  
Figure 4.9 shows a contour map of the maximum and minimum depths to watertable 
recorded in the Victoria Highway PDA during 2012–15. Groundwater rose by about 
5m across much of the area in response to the extreme rainfall in February 2014, 
compared to the deepest levels recorded. During the period of highest groundwater, 
most of the PDA had groundwater levels that were deeper than 2m below the surface. 
Areas that had watertables within 2m of the surface are limited to the northern fringes 
of the PDA and adjacent downslope areas.  
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Figure 4.9 Contours of minimum and maximum depths to watertable in the Victoria 
Highway area during the 2012–15 monitoring period  
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Carlton Hill area 
In the Carlton Hill area, the surficial bores 12CS28S, 12CS31S, 12CS33S and 
12CS35S remained dry over the entire monitoring period (Appendix D).  
However, most other surficial bores contained some groundwater at the start of 
monitoring in September 2012. At these sites, the watertable declined over the 
2012/13 wet season and 2013 dry season, to be below the bottom of the bore by the 
start of the 2013/14 wet season. It is likely that the surficial aquifer present in 
September 2012 was a relic of the recharge from the extreme rainfall in 2010/11 
(decile 10, Table 4.4), perhaps topped up during the average wet season (decile 5) of 
2011/12. 
The slightly wetter than average 2013/14 wet season (Table 4.4) caused the 
groundwater levels in several surficial bores to rise 1–2m. At each of the sites that 
had a water level response in 2013/14, the watertable subsequently declined to the 
level observed before the 2013/14 wet season, or the bore dried, within one year. 
Figure 4.10 shows the hydrograph for bore 12CS26S, a typical example of the 
pattern of this watertable response. Hydrographs for bores 12CS23S, 12CS24S, 
12CS25S and 12CS29S show a similar pattern of response to 12CS26S 
(Appendix D).  
Surficial watertables did not respond at any site during the very dry (decile 1) 2014/15 
wet season.  
 
Figure 4.10 Watertable response to rainfall in bore 12CS26S  
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The water levels in the deep bores at Lyons, Limestone Station and Gravel Pit had a 
large and more dynamic response to rainfall during the 2013/14 wet season. For 
example, the water level in Lyons bore rose nearly 5m during 6–9 February 2014 
(Figure 4.11), coinciding with about 150mm of rainfall recorded at the Carlton Hill rain 
gauge. When regular rainfall ceased in early April 2014 (also coinciding with the start 
of intermittent groundwater pumping for livestock supplies), the water level in Lyons 
bore receded rapidly to about the same level it was before 6 February 2014. Lyons 
bore is located on an area of suboutcropping sandstone and is therefore probably 
screened within the sandstone rock aquifer. The observed large and dynamic water 
level response to rainfall, plus the large and rapid drawdown and recovery in 
response to each period of pumping, indicates that the sandstone aquifer at Lyons 
bore is unconfined and has very low storativity. Low storativity means that large 
changes in water level result from the addition or abstraction of small volumes of 
water to or from an aquifer. 
 
Figure 4.11 Watertable response to rainfall and pumping in Lyons bore  
In contrast to the dynamic watertable response observed in Lyons, Limestone Station 
and Gravel Pit deep bores, the hydrographs for bores 12CS08D and 12CS08PB 
show an almost linear decline in water level between 2012 and 2015 (Figure 4.12). 
There are at least two explanations for the different response observed in the bores 
at site 12CS08 when compared to that observed in the other deep bores in the 
Carlton Hill area. Firstly, site 12CS08 is located in a large area of limestone that has 
an aquifer with higher storativity and hydraulic conductivity (Chapter 4.4) than the 
other sandstone aquifer sites. Secondly, the unsaturated regolith at site 12CS08 is 
about 10m thick, which is at least 5m thicker than at the deep bore sites with a water 
level response during the 2013/14 wet season. The thicker, unsaturated regolith at 
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site 12CS08 may have had enough capacity to store infiltration from the 2013/14 wet 
season and prevent it from recharging the aquifer.  
 
Figure 4.12 Groundwater response to rainfall in bores 12CS08D and 12CS08PB at 
site 12CS08 
Figure 4.13 shows a contour map of the maximum and minimum depths to 
groundwater in the Carlton Hill PDA and surrounds. The contours were produced 
using a combination of water level data from the bores and the depths to water 
recorded by Smolinski et al. (2015) during their soil survey in May–June 2012.  
Figure 4.13 shows that within the Carlton Hill area there were extensive areas with 
watertables shallower than 5m below ground in 2012. These areas generally occur in 
areas of Pago soils (Figure 2.8, Figure 4.3 and Figure 4.4).  
If the shallow watertables observed in 2012 are a relic of the 2010/11 wet season, 
watertables were probably even shallower and more extensive immediately following 
the 2010/11 wet season. However, following a succession of average or drier than 
average wet seasons, the watertables receded to below the upper surface of the 
underlying sandstone or limestone rock aquifers by 2015. 
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Figure 4.13 Contours of minimum and maximum depth to watertable under the 
Carlton Hill PDA and surrounding areas during the 2012–15 period 
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4.2.3 Estimating recharge rate 
We tried two semi-quantitative methods to estimate the long-term net recharge rates 
to the aquifers below the two Cockatoo Sands PDAs. 
The first method was the ‘Cl/Br ratio’ method (e.g. Mazor 1985). This method first 
calculates the ratio of the chloride (Cl) concentration to the bromide (Br) 
concentration in the aquifer. It then compares that to the same ratio of local rainwater 
to determine the relative depletion of bromide as the rainwater infiltrates into the 
groundwater. However, bromide concentrations in the local rainfall samples collected 
were very low — always below 0.02mg/L (Appendix F) — which was the LOR for the 
laboratory analysis of bromide. The very low bromide levels meant that the Cl/Br ratio 
for local rainfall could not be determined accurately, so it did not provide a useful 
reference.  
The second method of estimating recharge used the ‘chloride mass balance’ 
approach (e.g. Allison & Hughes 1978, Eriksson & Khunakasem 1969), whereby the 
mean annual recharge rate is estimated by the calculation shown in equation 3: 
Rr = Clp x (P/Cls)        [3] 
Where: 
Rr is the annual rate of recharge (mm/y) 
Clp is the concentration of chloride in rainfall (mg/L)  
P is the annual rainfall (mm) 
Cls is the chloride concentration (mg/L) in soil water below the root zone 
Table 4.7 shows the chloride concentrations and the EC in rainfall collected during 
the 2012/13 wet season at Frank Wise Institute, Kununurra. Rainfall totalled 827mm, 
which equals decile 6 for wet season rainfall recorded at this site during the period 
1970–2015. The volume-weighted average chloride concentration in the rainfall over 
the 2012/13 wet season was 0.88mg/L. 
Table 4.7 Chloride concentration and EC in rainfall collected each month during the 
2012/13 wet season at Frank Wise Institute, Kununurra 
Month Total rain (mm)  EC (mS/m) Cl (mg/L) 
October/November/December 2012 311 1.3 <0.5 
January 2013 133 2.2 0.8 
February 2013 227 0.6 <0.5 
March 2013 65 2.7 0.9 
April 2013 121 5.1 2.2 
Volume-weighted average  na 2.4 0.88* 
* Where chloride is less than the LOR, a value of half the LOR was used to calculate the 
average. 
na Volume-weighted average calculation not applicable for annual rain. 
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Using the medium-term average annual rainfall (954mm from Ivanhoe rain gauge, 
1993–2015), the volume-weighted average chloride concentration in rainfall over the 
2012/13 wet season (0.88 mg/L, Table 4.7), and the chloride concentration in 
groundwater from bores located within or adjacent to areas of Cockatoo Sands 
(appendices E and F), recharge rates were calculated for each bore using equation 3. 
Table 4.8 lists the results — the estimated recharge rates calculated from the 
chloride concentrations in the surficial aquifer. Estimated rates of recharge range 
from 7 to 139mm/y, having median and mean rates of 105 and 90mm/y, respectively. 
There was no statistically significant difference between the mean rate calculated 
from bores in the Victoria Highway and Carlton Hill areas.  
Table 4.8 Estimated rates of recharge to the surficial aquifer under areas of Cockatoo 
Sands calculated using the ‘chloride mass balance’ method  
Bore  Cl (mg/L) 
Calculated rate of 
recharge (mm/y) 
12CS04S 6 140 
12CS15S 8 105 
12CS17S 8 105 
12CS18S 8 105 
12CS19S 9 93 
12CS20S 8 105 
12CS21S 32 26 
12CS26S 6 139 
12CS29S 20 42 
12CS30S 7 120 
12CS52S 119 7 
Median 8 105 
Mean 21 90 
Table 4.9 shows the estimated recharge rates calculated using the chloride 
concentrations recorded from deeper bores screened into the more extensive 
sandstone or limestone aquifers, located within or adjacent to areas of Cockatoo 
Sands. Estimated rates of recharge range from 63 to 246mm/y, having median and 
mean rates of 93 and 110mm/y, respectively.  
Estimated rates of annual recharge under Cockatoo Sands to the shallow and deeper 
aquifers are similar, based on their generally similar chloride concentrations. The 
similarity in the apparent rates of recharge also suggests that the deeper aquifers 
have been in a medium-term recharge and discharge quasi-equilibrium. 
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Table 4.9 Estimated rates of recharge to the deep aquifer under Cockatoo Sands 
areas calculated using the ‘chloride mass balance’ method 
Bore  Cl (mg/L) 
Calculated rate of 
recharge (mm/y) 
12CS01D 10 84 
12CS03PB 12 69 
12CS04D 6 140 
12CS05D 3 246 
12CS07D 8 105 
12CS08D 13 63 
12CS08PB 12 71 
Gavins 5 175 
Lyons 9 93 
Gulgagulganeng Mill 12 70 
Gulgagulganeng Supply 9 93 
Median 10 93 
Mean 10 110 
4.3 Aquifer testing 
Four production bores were test pumped at rates of between 75 and 300m3/d (0.9 to 
3.5L/s).  
4.3.1 Pumped bore efficiency 
Analysis of pumped bore efficiency was made for the three steps and the constant 
rate test (CRT), with bore efficiencies ranging from 15 to 87% (Table 4.10). 
4.3.2 Water level drawdowns and recovery 
Drawdowns in the pumped bores at the completion of the CRT ranged from 0.74m at 
the Carlton Hill site (bore 12CS08PB) to between 10 and 23m at the Victoria Highway 
sites (Table 3.2 and Figure 4.14–Figure 4.17). Drawdowns in the nearby monitoring 
bores at the completion of the CRTs were 0.56m (bore 12CS01D), 0.30m (bore 
12CS02PBEast) and 0.65m (bore 12CS08D). Two hours after pumping ceased, 
water levels within the pumped bores had recovered to within 97–100% of the initial 
water level (Table 3.2 and Figure 4.14–Figure 4.17). Water levels within the 
monitoring bores had recovered to 86–98% of the initial water level (Figure 4.14–
Figure 4.17). 
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Table 4.10 Bore efficiencies from step and CRTs 
Pumped 
bore  
Discharge 
rate (L/s) 
Discharge 
rate (m3/d) 
Actual 
drawdown at 
100min (m) 
Laminar 
drawdown 
(m) 
Turbulent 
flow 
drawdown 
(m) 
Calculated 
drawdown 
(m) 
Bore 
efficiency 
(%) 
12CS01PB 0.9 75 3.84 3.47 0.51 3.98 87 
12CS01PB 1.4 117 6.73 5.42 1.23 6.65 81 
12CS01PB 2.0 176 11.12 8.15 2.79 10.94 75 
12CS01PB 3.2 275 19.00 12.73 6.81 19.54 65 
12CS02PB 
West 
1.4 118 3.50 2.33 5.57 7.89 29 
12CS02PB West 1.6 134 4.21 2.64 7.18 9.82 27 
12CS02PB West 2.0 171 5.92 3.37 11.70 15.07 22 
12CS02PB West 3.2 274 23.47 5.40 30.03 35.43 15 
12CS03PB 1.0 90 5.45 3.53 1.62 5.15 69 
12CS03PB 1.5 126 7.60 4.94 3.18 8.11 61 
12CS03PB 2.7 230 9.76 6.35 5.25 11.60 55 
12CS03PB 1.9 162 19.61 9.02 10.58 19.60 46 
12CS08PB 1.3 113 0.16 0.15 0.03 0.17 85 
12CS08PB 1.8 157 0.27 0.20 0.05 0.25 81 
12CS08PB 2.2 186 0.35 0.24 0.07 0.31 78 
12CS08PB 3.5 300 0.56 0.39 0.18 0.57 68 
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Figure 4.14 Water level drawdowns and pumping rates at site 12CS01  
 
Figure 4.15 Water level drawdowns and pumping rates at site 12CS02 
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Figure 4.16 Water level drawdowns and pumping rates at site 12CS03  
 
Figure 4.17 Water level drawdowns and pumping rates at site 12CS08 
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4.3.3 Aquifer parameters 
The calculated values of transmissivity (T), storativity (S) and hydraulic conductivity 
(K) resulting from the Theis (1935) and Cooper–Jacob (1946) analyses, assuming an 
unconfined aquifer, are provided in Table 4.11. Table 4.12 shows the calculated 
values of T, S and K resulting from the Theis (1935) and Cooper–Jacob (1946) 
analyses, assuming confined aquifer conditions.  
From Table 4.11 and Table 4.12, estimated T ranged from 47 to 704m2/d at the four 
sites. Estimates of K ranged from 0.98 to14.57m/d and S ranged from 0.000009 
(0.0009%) to 0.0172 (1.72%). S could not be calculated for pumping test bore 
12CS03 because it did not have an accompanying monitoring bore. 
There are only slight differences between the aquifer parameters obtained by 
calculations that assumed either unconfined or confined aquifer conditions 
(Table 4.11 and Table 4.12). 
Table 4.11 Aquifer parameters calculated assuming unconfined aquifer conditions 
Pumping 
test bore 
Theis Cooper–Jacob 
T 
(m2/d) S  
K 
(m/d) 
T 
(m2/d) S 
K 
(m/d) 
12CS01 409 0.000009 8.47 704 0.00000003  14.57 
12CS02 295 0.0172 9.19 318 0.0135 9.90 
12CS03 51 n/a 1.08 62 n/a 1.30 
12CS08 270 0.00142 9.28 241 0.00165 8.27 
Note: n/a: Calculation not possible because there was no accompanying monitoring bore 
available. 
Table 4.12 Aquifer parameters calculated assuming confined aquifer conditions 
Pumping 
test bore 
Theis Cooper–Jacob 
T 
(m2/d) S  
K 
(m/d) 
Step test 
T 
(m2/d) S 
K 
(m/d) 
T 
(m2/d) S 
K 
(m/d) 
12CS01 408 0.000009 8.43 408 0.000009 8.43 694 0.00000003 14.36 
12CS02 294 0.0172 9.126 366 0.00794  11.37 317 0.0134 9.85 
12CS03 47 n/a 0.99 47 n/a 0.98 57 n/a 1.21 
12CS08 248 0.0013 8.53 270 0.00112  9.28 238 0.00164 8.17 
Note: n/a: Calculation not possible because there was no accompanying monitoring bore 
available. 
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The three production bores in the Victoria Highway area (12CS01–03PB), with 
screens set into sandstone, behaved differently during the pumping test than the 
production bore in the Carlton Hill area with screens set into fractured limestone 
(12CS08PB). The Victoria Highway production bores had the highest drawdowns 
(10–23m), with much smaller drawdowns at the associated monitoring bores (0.30–
0.56m). At the Carlton Hill pumping test site, the drawdown in the production bore 
(12CS08PB) and monitoring bore (12CS08D) were similar, varying less than 0.1m.  
4.3.4 Potential pumping rates and apparent safe yields 
Potential pumping rates and apparent safe bore yields were determined by taking the 
drawdown from the CRT and extending it out for 69 days and 20 years, respectively. 
Plots of the extended drawdowns are shown in Figure 4.18–Figure 4.21. 
The calculated potential pumping rates, sustained for 69 days, ranged from 2.4–
16.0L/s for the four production bores (Table 4.13). The more conservative, apparent 
long-term (20y) safe bore yields ranged from 1.6–8.5L/s (Table 4.13). 
Table 4.13 Potential pumping rates and apparent safe bore yields for the four 
production bores that were test pumped 
Pumping test 
bore  
Potential pumping 
rate (L/s) 
Apparent long-term 
safe yield (L/s) 
12CS01PB 5.4 3.5 
12CS02PBWest 3.4 2.4 
12CS03PB 2.4 1.6 
12CS08PB 16.0 8.5 
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Figure 4.18 Step and CRT analysis for bore CS01PB 
 
Figure 4.19 Step and CRT analysis for bore CS02PBWest 
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Figure 4.20 Step and CRT analysis for bore CS03PB 
 
Figure 4.21 Step and CRT analysis for bore CS08PB 
62 
Cockatoo Sands hydrogeology 
4.3.5 Slug tests of saturated hydraulic conductivity  
The saturated hydraulic conductivities calculated from slug tests in suitable 50mm 
bores are shown in Table 4.14. The mean hydraulic conductivity of bores screened 
into the surficial aquifer under areas of Cockatoo Sands is 2.01m/d, while for surficial 
bores in the Pago soils it is 1.30m/d. The hydraulic conductivity of the deep, hard-
rock sandstone aquifer intersected by bore 12CS04D is 1.64m/d, similar to the 
hydraulic conductivity calculated from the pumping test of deep bore 12CS03D which 
is located in a similar landscape position and with similar geology. 
Table 4.14 Saturated hydraulic conductivities calculated from slug tests in 50mm-
diameter monitoring bores and the corresponding aquifer and soil type in the Victoria 
Highway and Carlton Hill areas. Soil type data from Smolinski et al. (2015) and 
Smolinski et al. (2010) 
Bore 
Saturated 
hydraulic 
conductivity 
(m/d) Aquifer type and description  Soil type 
12CS04S 1.94 Surficial, loamy, fine sand Pago sand 
12CS04D 1.64 Deep, sandstone Pago sand 
12CS14S 0.53 Surficial, indurated, clayey, fine sand  Cockatoo sand 
12CS15S 2.13 Surficial, sandy clay and sandstone Cockatoo sand 
12CS20S 3.56 Surficial, loamy sand  Cockatoo sand 
12CS21S 1.85 Surficial, clayey sand  Cockatoo sand 
12CS24S 1.12 Surficial, sandy clay Pago sand 
12CS52S 1.98 Surficial, loamy sand  Cockatoo sand  
12CS57S 0.47 Surficial, clayey sand  Pago sand 
12CS58S 1.68 Surficial, loamy and clayey sand  Pago sand 
4.4 Groundwater chemistry  
4.4.1 Deep groundwater chemistry baseline data 
Field parameters 
The summary statistics of results from the field physicochemical measurements for 
deep groundwater in the Victoria Highway and Carlton Hill areas are shown in Table 
4.15. Appendix E contains the summary field data for individual bores. As per the 
ANZECC and ARMCANZ (2000) recommended protocols for reporting baseline data, 
summary data for each analyte comprises: 
• the number of samples collected (n) 
• the population mean and median 
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• the coefficient of variation (COV)  
• the 80th and 20th percentile values.  
Deep groundwater beneath the Victoria Highway and Carlton Hill areas generally had 
oxidising conditions, with a mean ORP (as Eh) of around 330 and 235 millivolts (mV), 
respectively. Oxidising conditions are also reflected by the relatively high DO levels of 
groundwater, on average being 46% and 39% for the respective areas. 
There were slight differences, though not statistically significant at the 95% level of 
confidence, between field and laboratory measured pH and EC (comparison of data 
in Table 4.15 with data in Table 4.16 and Table 4.17). The average of field pH 
measurements was about 0.4 units lower than laboratory measurements for both 
areas. Field-measured EC averaged about 2–3mS/m higher than the corresponding 
laboratory measurements for both areas.  
Table 4.15 Summary statistics of field measurements for groundwater from the 
Victoria Highway and Carlton Hill areas 
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Victoria Highway          
Temp. (°C) 50 32.5 32.8 0.1 33.2 31.9 35.5 28.5 0.3 
pH 56 5.9 5.6 0.2 6.8 5.1 8.6 4.1 0.3 
EC (mS/m) 59 14 7 1.3 13 5 88 2 5 
DO (%) 46 45 38 0.7 70 13 143 1 9 
ORP (mV) 37 331 373 0.5 473 197 573 –146 52 
Carlton Hill          
Temp. (°C) 41 31.0 31.5 0.1 32.6 30.9 34.3 21.4 0.8 
pH 41 7.0 6.9 0.1 7.6 6.3 8.3 5.4 0.2 
EC (mS/m) 41 76 77 0.8 96 11 215 4 18 
DO (%) 39 50 37 0.8 66 23 183 2 13 
ORP (mV) 36 235 240 0.4 316 161 423 2 33 
Parameters analysed in the laboratory 
Summary statistics for baseline groundwater physicochemical laboratory parameters 
for all deep bores are shown in Table 4.16 for the Victoria Highway area and in 
Table 4.17 for the Carlton Hill area. Appendix E provides a similar array of summary 
statistics for all physicochemical parameters for individual deep bores. 
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Table 4.16 and Table 4.17 and Appendix E show the proportion of samples with 
concentrations less than the LOR for each analyte. ANZECC and ARMCANZ (2000) 
recommend that, for a particular analyte, if less than 75% of samples at any site have 
resultant concentrations above the LOR, the LOR data should not be used in any 
subsequent statistical analysis. However, for many of the analytes, the removal of 
LORs from the dataset greatly reduced the sample size and raised the derived 
baseline statistical values. We considered that ignoring the LORs (therefore artificially 
raising the resultant mean, median or 80th percentile value) is not a conservative 
approach in terms of setting baseline levels. However, statistical values generated 
from datasets containing less than 75% LOR data are identified in Table 4.16 and 
Table 4.17 and Appendix E. 
Groundwater in the Victoria Highway area is very low in salinity. The TDS of bores 
ranged between 14 and 308mg/L, with the mean of all sites being 60mg/L. Except for 
bore 12CS02PBEast, all bores had a TDS less than 100mg/L. Bore 12CS02PBEast 
has a much higher salinity than its close companion pump bore, 12CS02PBWest, 
which is located only 40m away and has a TDS of 73mg/L. The higher salinity may 
be because bore 12CS02PBEast is screened in a much shallower interval in the 
aquifer (Appendix B), and is also in a lower landscape position with a shallow 
watertable that could be locally influenced by evaporative concentration of salts. 
The Carlton Hill area generally has groundwater of higher salinity, though it is still 
relatively fresh, with a mean TDS of 391mg/L. Gravel Pit bore has the highest TDS of 
1038mg/L.  
On average, the pH of groundwater in the Victoria Highway area is 6.48 (Table 4.16), 
with the average pH at each site (Appendix E) ranging from being slightly acidic 
(5.86) to alkaline (8.40). In the Carlton Hill area, groundwater is alkaline, with an 
average pH of 7.5. Only Lyons bore (pH 6.3) and bore 12CS09D (pH 6.4) sites have 
slightly acidic groundwaters (Table 4.17). 
The Piper diagrams in Figure 4.22 classify the groundwater in terms of major ion 
proportions. They display the relative proportions of the major ion groups but not the 
absolute values, which can be found in Table 4.16 and Table 4.17. For comparison, 
Figure 4.22 also shows the ionic proportion classification of seawater and local 
rainfall (data from Appendix F).  
In the Victoria Highway area, most groundwater has an ionic proportion composition 
between that of rainwater and seawater. Sodium (Na) was the dominant cation for all 
sites, except the Gulgagulganeng Mill and supply bores, but the groundwater has 
little or no sodium enrichment relative to the other cations. Groundwater at bores 
12CS02 and Gavins has a relative enrichment of magnesium (Mg) over sodium. 
Bicarbonate (HCO3) was the dominant anion in groundwater and is highly enriched, 
relative to seawater, at sites 12CS02, Gavins and 8 Mile. Sulfate (SO4) is a minor 
anion at all sites with no enrichment relative to other anions. A relationship between 
aquifer type, groundwater depth or landscape position, and cation and anion types 
was not apparent in the Victoria Highway area. 
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In the Carlton Hill area, the groundwater had a wider range of ionic types. Gravel Pit 
and Lyons bores were of the sodium-dominant type, based on the cation proportion 
comparison shown in Figure 4.22. However, groundwater at sites 12CS08, 
Limestone Station, Ningbing Road spring and Wagon Bottletree were of the calcium 
(Ca) type, showing calcium enrichment relative to rainwater and seawater. The 
apparent enrichment of calcium is likely to be a reflection of the limestone geology 
(Figure 2.6 and Appendix C) at the former three sites. Bicarbonate is also the 
dominant anion over chloride, at sites 12CS08, Limestone Station and Ningbing 
Road spring. The concentration of bicarbonate varies between 20 and 803mg/L at 
the Carlton Hill sites, exceeding the concentration in rainwater and seawater. 
On average, the deep groundwater in the Victoria Highway area is different to that of 
the Carlton Hill area in terms of salinity, major ion composition, pH and several heavy 
metal species. Table 4.18 summarises the physicochemical parameters that are 
statistically significantly different in the two areas. Groundwater in the Carlton Hill 
area has, on average, significantly higher levels of all physicochemical parameters, 
except for vanadium, which is in a higher concentration in the Victoria Highway area.  
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Table 4.16 Summary statistics for laboratory analysis of groundwater from all bores in 
the Victoria Highway area. All units are mg/L, unless otherwise stated 
Analyte n 
Proportion 
of samples 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile Maximum Minimum 
Acidity 59 95 11 9 0.70 16 5 35 1 
Alk. 59 100 34 8 1.78 32 6 239 2 
Al  58 100 0.039 0.025 1.21 0.044 0.017 0.29 0.005 
Sb*  58 57 0.00031 0.00010 2.77 0.00040 0.00005 0.0064 <0.0001 
As* 57 11 0.0006 0.0005 0.51 0.0005 0.0005 0.002 <0.001 
Ba  49 100 0.030 0.026 0.69 0.044 0.013 0.11 0.006 
Be*  58 31 0.00008 0.00005 0.90 0.00010 0.00005 0.0005 <0.0001 
HCO3 59 98 40 10 1.81 38 7 291 0.5 
Bi  58 0 0.00005 0.00005 0.00 0.00005 0.00005 0.00005 <0.0001 
B  49 98 0.04 0.04 0.32 0.05 0.03 0.08 <0.02 
Br 52 98 0.08 0.05 0.92 0.10 0.03 0.3 0.03 
Cd*  58 3 0.00006 0.00005 0.60 0.00005 0.00005 0.0003 <0.0001 
Ca  59 97 6.4 1.3 2.14 5.0 0.8 56.3 0.05 
CO3* 59 3 0.7 0.5 1.52 0.5 0.5 8 0.5 
Cl 59 98 12.8 9.0 1.05 12.4 5.6 59 0.5 
Cr*  58 5 0.00080 0.00025 4.35 0.00050 0.00025 0.027 <0.001 
Co  58 76 0.00084 0.00030 1.36 0.00210 0.00010 0.006 <0.0001 
Cu  58 93 0.00841 0.00200 2.45 0.00760 0.00054 0.11 <0.002 
EC (mS/m) 59 100 11.9 6.1 1.38 9.3 4.6 63.3 2.3 
F* 58 40 0.059 0.025 1.09 0.090 0.025 0.28 <0.05 
Ga* 58 14 0.00007 0.00005 0.74 0.00005 0.00005 0.0003 <0.0001 
Hard. 58 98 30 8 2.14 20 4 260 0.5 
OH* 59 2 1 1 4.08 1 1 34 0.5 
Ion bal. 57 100 –0.8 –1.8 –14 2.6 –6.0 36 –31 
Fe  52 90 2.0505 0.0230 2.73 0.3720 0.0102 26 0.005 
La*  49 2 0.00245 0.00250 0.13 0.00250 0.00250 0.0025 <0.0001 
Pb  58 97 0.0045 0.0006 3.10 0.0023 0.0002 0.08 <0.0001 
Li*  48 65 0.0026 0.0018 1.19 0.0025 0.0010 0.014 <0.0001 
Mg  59 98 4.7 1.0 2.33 3.1 0.7 60.2 <0.1 
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Analyte n 
Proportion 
of samples 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile Maximum Minimum 
Mn  52 100 0.070 0.021 1.51 0.100 0.010 0.55 0.002 
Hg*  58 2 0.00005 0.00005 0.70 0.00005 0.00005 0.0003 <0.0001 
Mo*  58 9 0.001 0.001 1.78 0.001 0.001 0.011 <0.001 
Ni*  58 38 0.0018 0.0005 2.16 0.0020 0.0005 0.028 <0.001 
NH4 N* 59 54 0.721 0.010 7.03 0.108 0.005 39 <0.01 
NO3 N 51 82 0.171 0.210 0.66 0.290 0.060 0.36 <0.01 
NO2 N* 51 16 0.007 0.005 0.79 0.005 0.005 0.03 <0.01 
TN 59 100 1.28 0.36 4.03 1.14 0.22 40 0.03 
NOx N 59 90 0.171 0.170 0.68 0.282 0.016 0.36 <0.01 
pH 59 100 6.48 6.20 0.15 6.94 5.86 8.4 5.4 
TP 59 83 0.042 0.020 2.63 0.034 0.010 0.82 <0.01 
SRP* 59 63 0.015 0.010 1.13 0.020 0.005 0.11 <0.01 
K  59 98 3.3 2.4 0.87 4.0 1.6 11.9 <0.1 
Se*  58 14 0.0008 0.0005 1.05 0.0005 0.0005 0.005 <0.001 
Si  58 100 9.5 8.4 0.40 13.0 7.1 22 1.3 
Ag* 58 9 0.00006 0.00005 0.80 0.00005 0.00005 0.0003 <0.0001 
Na  59 100 8.3 6.3 0.76 9.7 4.4 29.3 1 
SO4 S  58 97 2.9 0.5 2.38 1.8 0.2 26.8 <0.1 
TDS Sum 59 100 60 31 1.35 50 24 330 4 
Tl* 47 11 0.00007 0.00005 1.05 0.00005 0.00005 0.0005 <0.0001 
Sn*  41 24 0.00010 0.00005 1.56 0.00010 0.00005 0.001 <0.0001 
Ti* 58 9 0.00132 0.00025 3.35 0.00100 0.00025 0.033 <0.002 
U*  58 48 0.00014 0.00005 1.63 0.00020 0.00005 0.0017 <0.0001 
V* 58 60 0.00135 0.00120 0.83 0.00250 0.00030 0.006 <0.0001 
Zn  52 98 0.129 0.019 2.25 0.105 0.011 1.3 <0.001 
*  More than 25% of baseline data is below the LOR. 
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Table 4.17 Summary statistics for laboratory analysis of groundwater from all bores in 
the Carlton Hill area. All units are mg/L, unless otherwise stated 
Analyte n 
Proportion 
of samples 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile Maximum Minimum 
Acidity 43 93 15 15 0.62 22 6 37 1 
Alk. 44 100 327 381 0.62 449 40 712 5 
Al  44 93 0.051 0.021 2.21 0.040 0.012 0.58 <0.005 
Sb*  44 36 0.00010 0.00005 1.08 0.00010 0.00005 0.0006 <0.0001 
As* 41 46 0.0019 0.0005 1.35 0.0030 0.0005 0.013 <0.001 
Ba  43 100 0.166 0.100 0.82 0.306 0.060 0.48 0.024 
Be* 44 16 0.00009 0.00005 1.22 0.00007 0.00005 0.0005 <0.0001 
HCO3 44 100 392 440 0.63 548 40 867 6 
Bi*  44 0 0.00005 0.00005 0.00 0.00005 0.00005 0.00005 <0.0001 
B  40 100 0.13 0.08 0.95 0.13 0.06 0.46 0.03 
Br 34 94 0.19 0.09 1.29 0.20 0.07 0.85 0.01 
Cd*  44 9 0.00007 0.00005 1.08 0.00005 0.00005 0.0005 <0.0001 
Ca  44 100 60.1 54.3 0.70 105.0 6.4 135 1.2 
CO3* 43 2 0.8 0.5 2.64 0.5 0.5 15 0.5 
Cl 43 100 46.5 18.0 1.40 36.8 12.0 250 5 
Cr*  44 9 0.00041 0.00025 0.70 0.00050 0.00025 0.002 <0.001 
Co*  44 57 0.00184 0.00080 1.50 0.00250 0.00008 0.013 <0.0001 
Cu*  44 91 0.00190 0.00100 1.12 0.00278 0.00050 0.0079 <0.002 
EC (mS/m) 44 100 73.1 75.1 0.75 86.8 13.6 191 3.5 
F 44 95 0.305 0.170 0.99 0.494 0.066 1.1 <0.05 
Ga* 44 16 0.00007 0.00005 0.77 0.00005 0.00005 0.0003 <0.0001 
Hard. 44 100 293 345 0.61 410 43 672 9 
OH* 44 0 1 1 0.00 1 1 0.5 0.5 
Ion bal. 37 100 -0.03 -1.0 -168 2.8 -3.3 22 -17 
Fe  41 98 0.7328 0.0660 2.13 0.8400 0.0210 7.3 <0.005 
La*  43 7 0.00205 0.00250 0.46 0.00250 0.00250 0.0025 <0.0001 
Pb  44 89 0.0011 0.0004 2.73 0.0008 0.0002 0.019 <0.0001 
Li*  37 68 0.0080 0.0025 1.38 0.0098 0.0024 0.042 <0.0001 
Mg  44 98 30.2 30.5 0.88 42.3 3.3 120 <0.1 
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Analyte n 
Proportion 
of samples 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile Maximum Minimum 
Mn  41 98 0.247 0.075 1.80 0.340 0.005 2.1 <0.001 
Hg*  44 7 0.000065 0.000050 1.46 0.000050 0.000025 0.0006 <0.0001 
Mo*  44 25 0.001 0.001 0.83 0.001 0.001 0.003 <0.001 
Ni*  44 41 0.0016 0.0005 1.09 0.0024 0.0005 0.007 <0.001 
NH4 N* 44 48 1.506 0.005 6.50 0.030 0.005 65 <0.01 
NO3 N* 40 73 0.179 0.060 1.43 0.400 0.005 1.1 <0.01 
NO2 N* 41 12 0.008 0.005 1.25 0.005 0.005 0.06 <0.01 
TN 44 100 2.04 0.42 4.84 0.87 0.19 66 0.04 
NOx N 43 77 0.177 0.060 1.42 0.376 0.005 1.1 <0.01 
pH 44 100 7.38 7.50 0.09 7.88 6.72 8.5 6 
TP 44 82 0.664 0.022 3.41 0.178 0.009 13 <0.01 
SRP* 43 49 0.514 0.005 3.91 0.019 0.005 12 <0.01 
K  44 100 8.8 4.3 1.52 9.5 3.1 67.2 0.6 
Se*  44 23 0.0009 0.0005 1.21 0.0010 0.0005 0.005 <0.001 
Si  44 100 14.3 13.0 0.47 17.0 9.7 45 7.6 
Ag* 44 5 0.00006 0.00005 0.93 0.00005 0.00005 0.0004 <0.0001 
Na  44 100 47.4 14.5 1.73 32.2 9.0 278 3.5 
SO4 S  40 100 15.3 6.1 1.66 11.1 2.8 93.7 0.5 
TDS Sum 43 100 391 400 0.76 450 72 1100 18 
Tl* 33 21 0.00010 0.00005 1.38 0.00008 0.00005 0.0007 <0.0001 
Sn*  31 26 0.00007 0.00005 0.89 0.00010 0.00005 0.0004 <0.0001 
Ti* 44 27 0.00182 0.00100 2.31 0.00108 0.00025 0.026 <0.002 
U  44 89 0.00218 0.00050 1.99 0.00088 0.00020 0.016 <0.0001 
V* 44 73 0.00534 0.00250 1.43 0.00676 0.00104 0.031 <0.0001 
Zn  40 98 0.081 0.026 2.39 0.083 0.011 1.2 <0.005 
*  More than 25% of baseline data is below the LOR. 
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(a) 
 
(b) 
 
Figure 4.22 Piper diagrams classifying deep groundwater according to major anion 
and cation composition for the (a) Victoria Highway area and (b) Carlton Hill area   
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Table 4.18 Deep groundwater physicochemical parameters that are statistically 
significantly different between the Victoria Highway (VH) and Carlton Hill (CH) areas, 
determined by the two-tailed student’s t-test 
Analyte Area Significance 
Alk. CH>VH P<0.001 
As  CH>VH P<0.001 
Ba  CH>VH P<0.001 
HCO3 CH>VH P<0.001 
B  CH>VH P<0.001 
Br CH>VH P<0.01 
Ca  CH>VH P<0.001 
Cl CH>VH P<0.001 
EC CH>VH P<0.001 
F CH>VH P<0.001 
Hard. CH>VH P<0.001 
Li  CH>VH P<0.01 
Mg  CH>VH P<0.001 
Mn  CH>VH P<0.01 
pH CH>VH P<0.001 
K  CH>VH P<0.01 
Si  CH>VH P<0.001 
Na  CH>VH P<0.001 
SO4 S  CH>VH P<0.001 
TDS Sum CH>VH P<0.001 
U  CH>VH P<0.001 
V VH>CH P<0.001 
4.4.2 Surficial groundwater chemistry 
Appendix G contains the results of the general chemistry analysis of samples 
obtained from surficial bores in April 2014. Figure 4.23 shows the Piper diagram of 
major ionic composition of the surficial aquifer. At all sites, the surficial aquifer has 
low salinity, based on the EC and TDS values. Surficial aquifer pH is slightly acidic to 
neutral at most sites, varying from 6.1 to 7.0. The surficial groundwater at bore 
12CS01S is more strongly alkaline (pH 8.2) in contrast to the deeper groundwater at 
that site which is slightly acidic (pH 6.2, Appendix E). 
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Figure 4.23 shows that sodium is the dominant cation in the surficial aquifer at all 
bore,except for bore 12CS58S, which has a slight dominance of calcium over sodium. 
No other sites have an indication of calcium enrichment of the surficial aquifer. 
Bicarbonate is the dominant anion in the surficial groundwater and is enriched, 
relative to seawater and rainwater. Sites 12CS01, 12CS15S, 12CS25S, 12CS29S, 
12CS30S and 12CS58S have a low concentration of chloride, all being less than 
20mg/L. Sulphate (SO4) is a minor anion at all sites, with no enrichment relative to 
other anions.  
 
Figure 4.23 Piper diagram classifying the surficial groundwater according to major 
anion and cation composition for the Victoria Highway and Carlton Hill areas 
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5 Discussion 
Smolinski et al. (2015) identified 2268ha of soils in the Victoria Highway area and 
6538ha of soils in the Carlton Hill area that have generally suitable characteristics for 
irrigated agriculture. In the Carlton Hill area, about 2571ha of lower capability soils 
(within the 6538ha) was included to make a more cohesive and manageable area of 
land for development, even though these soils may require additional management. 
The results of baseline hydrogeological and groundwater physicochemical 
investigations are presented in Chapter 4. In the following sections, the results of 
these baseline investigations are discussed in terms of the important hydrogeological 
characteristics of the Cockatoo Sands PDAs and, where appropriate, how these may 
relate to any hazards, risks and opportunities associated with future irrigated 
agricultural development. 
5.1 Hydrogeological characteristics  
5.1.1 Deep aquifer 
Geology 
Maps of the likely, major, hard-rock upper geology types were produced using a 
combination of:  
• extrapolation of the outcrop mapping of Plumb and Veevers (1971) 
• field classification of additional outcrop located during the investigation 
• geology described in the drilling logs (Appendix B).  
Our interpretation of the geology of the upper rock aquifers for the Victoria Highway 
and Carlton Hill PDAs is shown in Figure 5.1 and Figure 5.2, respectively.  
Quartz sandstones of the Upper Devonian, Cecil and Kelly’s Knob Members of the 
Cockatoo Formation likely underlie most of the Victoria Highway PDA and surrounds. 
To the north and downgradient of most of the Cockatoo Sands area, Lower 
Carboniferous limestone, shale and sandstones of the Burt Range Formation likely 
comprise the hard-rock upper geology. To the south, the Adelaidean, Pincombe 
Formation siliceous sandstones comprise much of the outcropping and subsurface 
rock. 
It is also likely that the quartz sandstones of the Cockatoo Formation underlie much 
of the Carlton Hill PDA (Figure 5.2). However, this unit is unlikely to be as uniform as 
depicted in Figure 5.2 or by the Plumb and Veevers (1971) mapping (reproduced in 
Figure 2.6) because their mapping does not distinguish between individual members 
of the Cockatoo Formation and the bedded sandstones are extensively faulted. 
The presence of Middle and Upper Cambrian quartz, silty and dolomitic bedded 
sandstone (Clark Sandstone and Hart Spring Sandstone units) outcropping within 
and adjacent to the mid-western part of the Carlton Hill PDA indicate these 
sandstone types form substantial components of the basement rock in this area 
(Figure 5.2). Weathering of these siltier formations may have produced the deep, silty 
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regolith encountered at bore 12CS09I, located in a fault-bound valley between linear 
and parallel rock outcrops. The groundwater gradients within the sandstones are 
much steeper under the upper slopes of the Carlton Hill PDA than under the Victoria 
Highway PDA. The steeper gradients may be because the siltier, finer textured and 
more extensively faulted sandstones of the Carlton Hill area have lower transmissivity 
at longer hillslope scales. It may also account for the extensive areas of wetter Pago 
soils that occur much higher in the catena in the Carlton Hill area, than in the Victoria 
Highway area. 
The area of Devonian limestone underlying the Carlton Hill area is more extensive 
than the surface mapping of Plumb and Veevers (1977) suggests. Pumping tests of 
the aquifer within this formation indicates it has relatively high transmissivity and 
hydraulic conductivity compared to the sandstone units (Table 4.11 and Table 4.12). 
The limestone aquifer showed almost no response to wet season rainfall. The 
formation underlies the area of Packsaddle soils (Figure 2.6) and lies downgradient 
to most of the Cockatoo Sands PDA. Although Smolinski et al. (2015) assigned an 
increased risk of waterlogging to the Packsaddle soils, shallow watertables were not 
observed during this assessment. It is likely that Smolinski et al.’s (2015) 
waterlogging risk is related to temporary, very shallow waterlogging occurring within 
the upper horizon of the duplex soil profile, rather than a risk associated with an 
elevated watertable. 
Aquifer parameters 
Although there is limited aquifer parameter data available (O’Boy et al. 2001) for the 
Palaeozoic sandstone and limestone in the Victoria Highway and Carlton Hill areas, 
the range of estimates of aquifer parameters derived from the pumping tests 
(Table 4.11, Table 4.12 and Table 4.13) are within the same range as previous test 
pumping in the general area on bores with similarly screened materials. 
Transmissivities in the range 95–740m2/d, with hydraulic conductivities in the range 
1–20m/d, were reported from pumping tests of bores screened into faulted/fractured 
sandstone and dolomite rock aquifers at Sorby Hills (Australian Groundwater and 
Environment Consultants 2011). Two production bores (2/95 and 4/95) screened into 
Devonian limestone at the Ningbing community had estimated transmissivities of 
201m2/d and 360m2/d, respectively (Water Authority WA 1995). Humphreys et al. 
(1995) estimated that transmissivities were between 80 and 445m2/d for three 
production bores (27802, 28622 and 29516) screened within Carboniferous 
sandstone on the Keep River Plain.  
Pumping tests undertaken in this assessment indicate that in lower-slope locations 
(e.g. bores 12CS01PB, 12CS02PB and 12CS08PB), the deep aquifer has higher 
transmissivity, hydraulic conductivity and yield than in mid- or upper-slope locations 
(e.g. bore 12CS03PB). In addition, the aquifer in other elevated landscape positions 
(e.g. bores 12CS04D, 12CS05D and 12CS09I) had low estimated yields during 
drilling and therefore were not constructed as production bores. The lower-slope 
locations also have a thicker sequence of partially weathered or fractured bedrock, 
above more competent and poorly weathered or fractured rock profiles, than do the 
lower yielding, mid-slope locations (Appendix B).  
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The more deeply weathered materials (at bores12CS01PB and 12CS02PB) also had 
very high yields during drilling (up to 30L/s return) from the upper, weathered 
sequences. However, the safe, long-term yield estimates obtained from the pumping 
tests of the bores were much lower. It is likely that the high yields observed during 
drilling came from voids (formed by weathering or fracturing) in the rock aquifer, 
which have a relatively small extent and volume compared to the dimensions of the 
main aquifer.  
Long-term safe bore yields of 1.6–3.5L/s (Table 4.13) are within the range reported 
for sandstone or limestone aquifers in the Kununurra area. They also confirm local 
drillers’ expectations of moderate yields (less than 2L/s) from typical livestock supply 
bores drilled into sandstones in the area (J Coad 2012, pers. comm., 26 May). 
The yields from the sandstones in particular are too low to be considered a 
worthwhile or viable source of irrigation supply water for large-scale agriculture, 
which typically requires water supply rates of 1–1.5L/s per hectare of irrigated land. 
The limestone aquifer in the Carlton Hill area has a slightly higher long-term safe 
yield (8.5L/s). If several linked bores were installed in the limestone aquifer, it may be 
possible to provide enough water to supply one 50ha centre pivot irrigator, for 
example. However, 50ha is less than one-tenth of the area of the Carlton Hill PDA. 
Further investigation would be required to determine the long-term sustainable rate of 
water abstraction from the limestone aquifer, in terms of aquifer depletion and 
environmental aspects. 
The pumping tests showed that the sandstone and limestone aquifers have relatively 
low storativity (Table 4.11 and Table 4.12). An example of the effect that a low 
aquifer storativity has on water levels is evident in the logger hydrograph of Lyons 
bore, which is a livestock supply bore (Figure 4.8). The large and dynamic water level 
increases in response to rainfall, the rapid decline in water level at the end of the 
rainfall season and the large and rapid drawdown and recovery in response to each 
period of pumping are all indications that the sandstone aquifer has very low 
storativity. 
Although the sandstone and limestone aquifers have a low potential to provide 
meaningful volumes for irrigation supply, their low storativity may be an advantage if 
dewatering is required to reduce watertables. Low storativity aquifers require 
abstraction of relatively small volumes of water to lower watertables, meaning that 
infrastructure and operating costs of pumping systems are lower than for high 
storativity aquifers. 
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Figure 5.1 Interpreted major geology of the hard-rock upper aquifer in the Victoria 
Highway area 
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Figure 5.2 Interpreted major geology of the hard-rock upper aquifer in the Carlton Hill 
area 
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5.1.2 Regolith and surficial aquifer 
The borehole drilling logs (Appendix D and Table 4.5 and Table 4.6) and the 
hydrogeological transects (Figure 4.2 and Figure 4.4), together with the depth to rock 
data reported by Smolinski et al. (2015), show that the Cockatoo Sands PDAs 
overlay sandstone or limestone rock at generally shallow depths. The soil profiles 
described by Smolinski et al. (2015) therefore encompass the entire regolith, which is 
typically less than 5m thick. Thus, the PDAs contain a relatively thin ‘skin’ of soil 
covering the underlying hard sandstone or limestone rock, differing from most other 
agriculturally developed soils in the region. 
The Cockatoo Sands regolith appears to have a very high capacity for infiltration of 
rainfall when uncleared. Bennett et al. (2015) noted that there are no defined 
creeklines that start within or pass entirely through areas of Cockatoo Sands. Bennett 
et al. (2015) also noted that there was little evidence of run-off on areas of Cockatoo 
Sands in the Victoria Highway area following the extreme rainfall of 5–10 February 
2014, when 680mm was recorded. The 5–10 February 2014 event resulted in a 
corresponding rise in the surficial aquifer of 3–5m (Chapter 4.2.2). It seems likely that 
most of the 680mm of rainfall became recharge. If that is so, the magnitude of the 
watertable response indicates that the Cockatoo Sands regolith had a fillable porosity, 
at the time, of between 14 and 23% by volume. Direct measurements of either the 
porosity or specific yield of the regolith were not made during this assessment. 
However, Smolinski et al. (2015) estimate that the average water content, to 1m 
depth, at field capacity in typical Cockatoo Sands profiles was between 18 and 20% 
by volume. Assuming that in a dry profile, water content at field capacity 
approximates porosity, it is plausible that the entire 680mm of rainfall could have 
been stored within the regolith and produced the resultant watertable responses 
observed.  
Smolinski et al. (2015) provide the only published information on the water-related 
physical properties of Cockatoo Sands. However, there is some physical soil data 
available for the Blain and Tippera soil groups (Oolloo soil family) that have textured 
profiles similar to Cockatoo Sands. These soils occur in the Daley and Katherine 
regions in the Northern Territory. Hignett (2009) reports that cultivated Blain and 
Tippera soil profiles have volumetric water contents in the range 25–32% when at 
near field capacity (0.5kPa suction). In addition, Hignett (2009) reports that the 
surface infiltration capacity of these soils is high, ranging between 5.5 and 
8.1mm/min.  
The hydraulic conductivity, as determined by slug tests of the surficial aquifer, 
averaged 2m/d in areas containing the textural variants of the Cockatoo Sands soil 
family and 1.3m/d under the often more clayey-textured Pago soil family (Table 4.14). 
These values are within the lower range of that expected for fine to coarse textured 
sands (Driscoll 1986). 
Collectively, the above observations indicate that the regolith under the Cockatoo 
Sands has a high capacity for infiltration and recharge. The estimates of recharge 
show that the average, longer-term rate of recharge to watertables within the sandy 
regolith is likely to be about 100mm/y (Table 4.8). A similar high recharge rate was 
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estimated for the deeper sandstone/limestone rock aquifers underlying the Cockatoo 
Sands regolith (Table 4.9), indicating that deep percolation from the surficial aquifer 
is relatively unrestricted. The very short-term, perched watertable observed above 
the regolith/sandstone boundary in some bores (e.g. bore 12CS59S, Figure 4.3) 
during the period of extreme rainfall is unlikely to indicate that deeper recharge into 
the underlying rock aquifer is substantially restricted at the regolith/rock boundary. 
There is limited published empirical data for rates of recharge under native vegetation 
in the Kununurra area. The estimated rates of recharge reported here are large when 
compared to the 0.1mm/y recharge rate reported by Tickell et al. (2007) in uncleared 
black soil clay areas in the lower Keep River Catchment. However, Tickell et al. 
(2007) does report that the average estimated rate of recharge in areas of shallow 
sandstone that occur on the lowland plains of the Keep River Catchment is about 
40mm/y. 
Monitoring shows that the surficial aquifer has a transient watertable and therefore an 
associated transient aquifer thickness. Even though the surficial aquifer has high 
permeability, it is relatively (and variably) thin compared to the underlying sandstone 
and limestone aquifers. Therefore, it has a much lower transmissivity. For example, 
given a 3m aquifer thickness — as observed during the relatively short periods of 
high watertables following high rainfall — the transmissivity of the surficial aquifer 
would only be 6m2/d. This is very low compared to the transmissivity values (obtained 
from the pumping tests) of the underlying sandstone and limestone aquifers, which 
varied between 47 and 694m2/d (Table 4.11 and Table 4.12). The velocity of lateral 
movement of groundwater within the surficial aquifer is also likely to be slow. 
Typically, the gradient of the surficial aquifer is less than 1%, meaning that lateral 
velocities are less than 0.02m/d. 
The watertable in the surficial aquifer decreases rapidly during the dry season. 
Typically, the rate of recession in surficial bores is about 3m/y following large 
recharge events (Appendix D). In contrast, in deeper bores that are screened entirely 
within the rock aquifers, the rate of watertable recession is much slower at about 
0.4m/y. The much higher recession in the surficial aquifer is likely to occur because 
some water is removed via evapotranspiration by the native vegetation. The 
vegetation is likely to have relatively unrestricted root access through the sandy 
profile to the surface of the surficial aquifer, compared to the more restricted access 
in the deeper aquifer, which consists of hard rock. 
Lateral flow and active discharge downslope within the surficial aquifer, as observed 
along the northern boundary of the Victoria Highway PDA after wet seasons, is likely 
to account for a smaller overall proportion of water removal from the surficial aquifer 
than evapotranspiration. The hydrogeological characteristics of the surficial aquifer 
may allow some lateral groundwater movement. However, it is the underlying rock 
aquifers that substantially control the rate of off-site discharge and the longer-term 
groundwater levels and other properties under the Cockatoo Sands PDAs.  
The observed volatility in watertable depth within the surficial aquifer is consistent 
with Smolinski et al.’s (2015) observation that the common occurrence of ironstone 
gravels and mottled soils in the profile just above the rock interface, particularly at the 
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lower-slope boundaries of Cockatoo Sands areas, is caused by a long history of 
oscillating watertables in these areas.  
5.1.3 Aquifer classification 
The hydrogeological cross-sections shown in Figure 4.2 indicate that, according to 
the National Aquifer Classification System of Coram (1998), the Victoria Highway 
area is best classified as a ‘local system’, containing mostly unconfined aquifers with 
recharge and discharge areas within 1–5km, located in relatively high relief area on 
the edge of plateaus and ranges. The area can be further classified as a combination 
of local systems (ii) and (iii), whereby discharge mainly occurs at the partial 
termination of the aquifer at an erosional surface or change in slope, from a 
combination of unweathered (ii) and weathered and fractured rock aquifers (iii).  
The Carlton Hill area is more difficult to assign to a Coram (1998) classification. 
Figure 4.2 indicates that parts of the area, such as the groundwater catchment for the 
Ningbing Road seep, are classified as a local system (ii). Similar classification can be 
assigned to portions of the large central area of Cockatoo Sands during periods 
when the watertable in the mid-slope is close to the surface, such as was the likely 
situation for the 2010/11 and 2011/12 wet seasons. However, after prolonged drier 
periods when the watertable recedes to below the basement rock and there is no 
local discharge, most of the central area is better classified as an ‘intermediate 
system’.  
5.2 Groundwater chemistry 
Groundwater-related environmental conditions were imposed on agricultural 
development within the Goomig Farmlands, 30km north-west of Kununurra, by 
government. Conditions were imposed because the Goomig Farmlands are within the 
Keep River Catchment and the Keep River contains aquatic species listed in the 
Matters of National Environmental Significance under the Environment Protection 
and Biodiversity Conservation Act 1999. The conditions required that 
physicochemical baseline characteristics of the groundwater beneath the 
development be defined according to ANZECC and ARMCANZ (2000) protocols, 
before development could proceed (Australian Government 2011). 
Because the Victoria Highway and Carlton Hill areas lie within the catchments of the 
Ord and Keep rivers, we anticipated that similar environmental requirements could be 
imposed, causing delays to agricultural development in the future. Therefore, the 
physicochemical baseline characteristics of the groundwater in both areas were 
defined during this assessment.  
The baseline sampling regime was undertaken to test whether groundwater posed a 
direct or indirect threat to the downstream environmental assets, as well as any 
threats to agriculture should groundwater be required to be pumped and re-used 
through irrigation systems, to manage groundwater levels beneath the areas.  
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5.2.1 Environmental baseline  
For surface water aquatic environmental assets, the analytes for baseline monitoring 
should include any substances that are known to harm the target aquatic species 
(ANZECC & ARMCANZ 2000). The target aquatic species requiring protection in the 
Keep River are the freshwater sawfish (Pristis microdon) and speartooth shark 
(Glyphis glyphis), which are listed as threatened under the Environment Protection 
and Biodiversity Conservation Act 1999. While there is some general (e.g. Bartley & 
Spiers 2010) and local (e.g. Bennett & George 2011, 2014) data available about the 
expected changes to water quality under tropical irrigated agriculture, there was no 
specific information (H Larsen 2011, pers. comm., November) about which water 
quality factors are of particular importance or risk to these threatened species. 
Therefore, a precautionary approach was used to select the comprehensive list of 
analytes that ANZECC and ARMCANZ (2000) categorise as chemical hazards to 
aquatic biota. The list of analytes that were monitored and for which baseline 
statistical values were derived (Appendix B) encompass all of the chemical hazards 
listed in ANZECC and ARMCANZ (2000).  
The summary baseline statistics of field measurements for groundwater from all 
bores in the Victoria Highway and Carlton Hill areas are provided in Table 4.15, while 
Table 4.16 and Table 4.17 contain the summary baseline statistics of laboratory 
analyses from all bores in the Victoria Highway and Carlton Hill areas, respectively. 
Appendix E contains similar statistical summaries for the individual groundwater 
monitoring sites, collected over a period of three years.  
The baseline results enable local trigger values to be derived as a reference for 
ongoing testing of environmental compliance, should this be required when 
agricultural development occurs on the Cockatoo Sands areas.  
5.2.2 Suitability for agriculture baseline 
pH, sodium and chloride 
The mean pH and sodium and chloride concentrations of water samples obtained 
from deep bores were compared to the ANZECC and ARMCANZ (2000) irrigation 
guideline values (Appendix C) to assess the suitability of the groundwater for 
irrigating crops.  
Except for the sodium concentration in Gravel Pit bore, groundwater at all sites is 
classified as being suitable for direct irrigation, in terms of pH, sodium toxicity and 
chloride toxicity for all crop types (Table 5.1). The mean sodium concentration of 
267mg/L in water from Gravel Pit bore indicates that it is within the ‘suitable for 
moderately tolerant crops’ category (range 240–460 mg/L). Water from Garrys spring 
and Ningbing Road spring is also classified as being suitable based on pH, sodium 
and chloride levels. 
  
82 
Cockatoo Sands hydrogeology 
Table 5.1 Suitability of groundwater in deep bores for direct irrigation, for pH, sodium 
and chloride parameters according to ANZECC and ARMCANZ (2000) guidelines 
Bore  pH Na Cl 
Victoria Highway area    
12CS01PB S S S 
12CS02PBWest S S S 
12CS03PB S S S 
12CS04D S S S 
12CS05D S S S 
12CS07D S S S 
8 Mile S S S 
Gavins S S S 
Gulgagulganeng Mill S S S 
Gulgagulganeng Supply S S S 
Carlton Hill area    
12CS08PB S S S 
12CS09D S S S 
Gravel Pit S MT S 
Limestone Station S S S 
Lyons S S S 
Wagon Bottletree S S S 
Note: S: Suitable for irrigation 
  MT: Suitable for moderately tolerant crops. 
Salinity and sodicity 
The ANZECC and ARMCANZ (2000) irrigation guidelines for salinity and sodicity 
require specific site details such as soil type, crop type and management practices. 
Because these are not all able to be forecast for the Cockatoo Sands areas at this 
time, the USDA (1954) salinity and sodicity classification system was used to classify 
the groundwater.  
The sodium adsorption ratio (SAR) of irrigation water is a measure of the propensity 
of sodium contained in irrigation water to replace calcium and magnesium anions 
adsorbed to clay colloids in the soil. Replacement of calcium and magnesium by 
sodium causes soil structure to deteriorate. Irrigation water is usually classified jointly 
for salinity and sodium hazard by the relationship between the salinity (or EC) and 
the SAR (sodium hazard) displayed in a Wilcox diagram (USDA 1954). The EC 
divisions are 25, 75, 225 and 550mS/m, corresponding to salinity classes C1, C2, C3 
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and C4, respectively (Appendix C). The resulting sodium hazard categories are S1, 
S2, S3 and S4, corresponding to low, medium, high and very high hazard.  
The texture (or clay content) of the irrigated soil also influences the effect that the 
sodium content of irrigation water has on soil structure. Soil texture, as it relates to 
drainage rate, also influences the effect that the salinity of irrigation water has on the 
build-up of salts in the soil over time. In general, the lower the clay content the lower 
the risk of structure decline from sodium and the lower the effect on salt accumulation 
in the soil. In the absence of local data and because the soils of the Cockatoo Sands 
areas have predominantly sandy loam textures (Smolinski et al. 2015), we chose the 
low risk line for the relationship between EC and SAR for sandy loams, adopted by 
the New South Wales Department of Primary Industry (NSW DPI 2014), to further 
classify the groundwater in terms of soil structure hazard.  
The relationship between EC and SAR in groundwater from deep bores is shown as 
a Wilcox diagram in Figure 5.3, together with the EC/SAR relationship for irrigation 
water supplied to the ORIA (Lillicrap et al. 2011). Most groundwater sources fall 
within the low salinity and low sodicity hazard (C1S1) category of USDA (1954), and 
have a lower salinity hazard and similar sodium hazard to the ORIA supply. Although 
groundwater from the 12CS08PB, Limestone Station and Wagon Bottletree bores 
falls into the medium (C2) or high (C3) salinity hazard classes, these sites have a 
corresponding low sodicity hazard. Gravel Pit bore falls into the high salinity, medium 
sodicity hazard (C3S2) category of USDA (1954).  
When compared to the NSW DPI (2014) low-risk classification factored for soil 
texture, the groundwater at all sites is of low risk for the salinity/sodicity combination.  
Metals, nitrogen, phosphorus and atrazine 
Table 5.2 shows the results of the comparison between the ANZECC and ARMCANZ 
(2000) short-term (less than 20 years) and long-term (20–100 years) irrigation 
guideline concentrations of metals, total nitrogen (TN) and total phosphorus (TP), and 
the mean concentrations in the deep bores.  
The concentrations of metals in most bores are low enough to be suitable for short- 
and long-term irrigation. Deep groundwater at all sites meets the short-term irrigation 
guideline values, except for iron (Fe) at 8 Mile bore, which exceeds the short-term 
guideline by a factor of 1.7. The groundwater sampled from most sites also meets the 
long-term irrigation guideline concentrations for all metals except iron. The iron 
concentration in 8 Mile, Gavins, Lyons and Wagon Bottletree bores exceeds the long-
term guideline by factors of between 7 and 84 (Table 5.2). However, since the 8 Mile 
and Wagon Bottletree bores have steel casings which have corroded and are 
partially collapsed, the high iron concentrations recorded at these sites may be 
caused by contamination of the samples with iron from the bore casing. The 
concentration of uranium in Gravel Pit bore exceeds the recommended long-term 
concentration by a factor of 1.3. 
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Figure 5.3 Wilcox diagram indicating the irrigation salinity and sodium hazard of 
groundwater in the Victoria Highway and Carlton Hill areas. The ‘DPI NSW low risk 
line’ indicates the maximum EC/SAR combination of values that provide a low risk for 
irrigation water applied to well- to moderate-draining soils (data adapted from NSW 
DPI 2014). Data for ORIA irrigation supply water is from Lillicrap et al. (2011) 
The TN concentration exceeds the long-term irrigation guideline by factors of 1.8 in 
8 Mile bore and 13 in Wagon Bottletree bore. The extreme TN concentration of 
66mg/L recorded in Wagon Bottletree bore largely consists of the ammonium form, 
which is present at a concentration of 65mg/L (Appendix E). The bore is located 
adjacent to the main livestock water supply trough for the area, around which large 
numbers of cattle congregate. It is likely that the high ammonium level comes from 
cattle excrement and is probably not representative of the surrounding groundwater 
system. 
The TP concentration exceeds the irrigation guideline by factors of 1.3, 4 and 7 in 
groundwater sampled from bores 12CS08PB, 12CS09D and Wagon Bottletree, 
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respectively, all located in the Carlton Hill area. The long-term guideline value for TP 
is based on preventing algal growth in irrigation water supplies (ANZECC & 
ARMCANZ 2000) which may then create blockages in irrigation systems, depending 
on the type of system used. Blockages caused by algal growth are less likely to be a 
problem for systems that directly extract and then distribute water in pipelines — the 
most likely system used if disposal of excess groundwater by irrigation is ever 
required for the Cockatoo Sands areas. 
The concentration of atrazine was always below its LOR of 0.001mg/L and the 
ANZECC and ARMCANZ (2000) irrigation guideline of 0.01mg/L in all samples from 
all sites. 
With some minor exceptions, groundwater around the Cockatoo Sands areas is 
highly suitable for direct irrigation onto crops. However, because of the relatively low 
groundwater yields available (Chapter 5.1.2), it is unlikely that the groundwater will 
form a major source of irrigation for large-scale agricultural development. Rather, it 
could form a small additional supply, mixed with water from the existing Ord River 
irrigation system, should groundwater abstraction be required to control groundwater 
beneath agricultural development areas. In this case, the distribution, timing and 
application of groundwater could be shandied to achieve adequate dilution into the 
water from the Ord scheme to ensure that the irrigation guidelines are met for all 
parameters at all sites. 
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Table 5.2 Suitability of groundwater in deep bores for short- and long-term irrigation 
for fluoride, metals, TN and TP, according to ANZECC and ARMCANZ (2000) 
guidelines. Where a parameter exceeds the guideline value, the ratio of exceedance 
is shown 
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B S L S L S L S L S L S L S L S L S L S L S L S L S L S L S L S L 
Be S L S L S L S L S L S L S L S L S L S L S L S L S L S L S L S L 
Cd S L S L S L S L S L S L S L S L S L S L S L S L S L S L S L S L 
Co S L S L S L S L S L S L S L S L S L S L S L S L S L S L S L S L 
Cr S L S L S L S L S L S L S L S L S L S L S L S L S L S L S L S L 
Cu S L S L S L S L S L S L S L S L S L S L S L S L S L S L S L S L 
F S L S L S L S L S L S L S L S L S L S L S L S L S L S L S L S L 
Fe S L S L S L S L S L S L S L S L 1.7, 84 S, 37 S L S L S L S L S, 19 S, 7 
Hg S L S L S L S L S L S L S L S L S L S L S L S L S L S L S L S L 
Li S L S L S L S L S L S L S L S L S L S L S L S L S L S L S L S L 
Li* S L S L S L S L S L S L S L S L S L S L S L S L S L S L S L S L 
Mn S L S L S L S L S L S L S L S 5 S, 1.2 S L S L S L S L S L S L S L 
Mo S L S L S L S L S L S L S L S L S L S L S L S L S L S L S L S L 
TN S L S L S L S L S L S L S L S L S, 1.8 S L S L S L S L S L S L S, 13 
Ni S L S L S L S L S L S L S L S L S L S L S L S L S L S L S L S L 
TP S L S L S L S L S L S L S, 1.3 S, 4 S L S L S L S L S L S L S L S, 7 
Pb  S L S L S L S L S L S L S L S L S L S L S L S L S L S L S L S L 
Se S L S L S L S L S L S L S L S L S L S L S L S L S L S L S L S L 
U S L S L S L S L S L S L S L S L S L S L S, 1.3 S L S L S L S L S L 
V S L S L S L S L S L S L S L S L S L S L S L S L S L S L S L S L 
Zn S L S L S L S L S L S L S L S L S L S L S L S L S L S L S L S L 
* Specific lithium guideline for citrus 
Note: S: Meets ANZECC and ARMCANZ (2000) short-term (<20 years) guideline 
  L: Meets ANZECC and ARMCANZ (2000) long-term (<100 years) guideline 
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5.3 Hydrogeological hazards  
It is important to distinguish the difference between hazard and risk when considering 
the consequences of irrigated agricultural development of the Cockatoo Sands PDAs. 
We used the definitions of hazard and risk used by Spies and Woodgate (2005) in 
their assessment of salinity in Australia. Spies and Woodgate (2005) adopted 
definitions based on the Australian and New Zealand Risk Management Standard 
AS/NZS 4360:2004 (Standards Australia 2004). They define hazard as “anything that 
can potentially cause harm to an asset”, and risk as “the chance of something 
occurring that will affect the achievement of objectives” (p. 24). For the Cockatoo 
Sands, the objective is to maintain agricultural production and off-site environmental 
values following development for irrigated agriculture. 
In the hydrogeological context of this report, hazards are therefore detrimental 
changes that could occur following development on the PDAs, as a result of the 
inherent nature of the soils, regolith and groundwater. Using the results of the 
baseline hydrogeological investigations undertaken, the main hazards are identified 
and discussed in the following sections.  
Risk includes the likelihood, timing, consequence and severity of the hazard. Implicit 
in risk assessment for any development of the Cockatoo Sands areas is knowledge 
of what the new land use will be. For example, irrigated development could comprise 
enterprises ranging from:  
• a single annual crop each year 
• multiple annual crops each year 
• herbaceous perennial crops or forage 
• woody perennial fruits and crops 
• long rotation tree crops for timber, oil or other products.  
The irrigation systems required will vary according to the enterprise and may range 
from drippers to large-scale, overhead sprinkler systems, such as centre pivots. Each 
of the above factors will affect the water balance, which may in turn cause associated 
impacts on watertables, groundwater discharge and soil salinity or cause other 
physicochemical-related changes. Therefore, accurate forecasts of risks can only be 
made once the specific enterprise and its management are known.  
In the following sections, generic risks are described with the hazards where it is 
possible to do so. However, we recommend that more-detailed risk analyses be 
undertaken by proponents of specific agricultural enterprises, using the baseline data 
provided in this report.  
5.3.1 Shallow watertable and groundwater discharge hazard 
Although there is no long-term groundwater level monitoring data available for either 
undeveloped or developed areas of Cockatoo Sands, the groundwater systems in the 
uncleared PDAs are likely to be in a long-term equilibrium with long-term rainfall 
patterns. Our relatively short-term baseline monitoring shows that large and rapid 
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watertable rise can occur in response to seasonal variations in rainfall. The high 
infiltration capacity of the Cockatoo Sands allows high rates of recharge into the low-
storativity rock aquifer and, where watertables are shallow, into the higher-storativity, 
but very thin, surficial aquifer. In average rainfall years, our data indicates that 
moisture storage in the unsaturated zone of the sandy regolith probably accounts for 
most of the infiltration, with only minor aquifer recharge. In above-average to extreme 
rainfall years, groundwater recharge can be substantial, leading to large episodic 
rises in groundwater that may take several years to fully equilibrate through 
groundwater discharge and evapotranspiration. 
In uncleared areas where watertables are shallow and within the regolith, the wet 
season recharge is subsequently transpired in situ by the vegetation during the dry 
seasons, accounting for the high rates of watertable recession observed. However, 
high rainfall years contribute episodically to the high rates of net long-term average 
recharge — estimated to be about 100mm/y in this assessment. 
Clearing and developing the land for irrigated agriculture may increase the net long-
term recharge to the groundwater system and cause watertables to rise, by reducing 
the transpiration loss of stored moisture and potentially adding recharge through the 
application of irrigation water.  
The type of agriculture pursued will have the largest influence on the recharge rate 
and consequent risk of watertable rise and associated extra groundwater discharge. 
Annual agriculture, particularly if practiced only during the dry seasons, is likely to 
result in the highest levels of extra recharge because production systems that are 
used for dry season annual agriculture will not be able to effectively transpire 
moisture that is stored deep in the soil, or transpire directly from the watertable.  
Managing the increased hazard of watertable rise under annual systems could be 
partially managed by growing rain-fed annual cover crops (e.g. forage crops or 
similar) over the wet seasons, in rotation with the dry season annual crops, to 
maximise water use during the high recharge periods. Using wet season cover crops 
to reduce the high risk of soil erosion on the sloping land is also recommended by 
Smolinski et al. (2015) and Bennett et al. (2015). 
Perennial agriculture — using deeper-rooted perennial fodder, crop or tree species — 
will substantially reduce the risk of watertable rise, because these crops have a much 
higher capacity to transpire stored water throughout the year, particularly if coupled 
with the use of efficient irrigation technology. 
Because the Cockatoo Sands PDAs are elevated, have relatively high surface 
gradients and contain soils with high infiltration properties, flood irrigation is not 
practical. Pressurised irrigation systems comprising sprinkler, microsprinkler or 
drippers will be required. These systems can be highly efficient when combined with 
soil moisture monitoring and irrigation scheduling technologies. Using well-managed, 
pressurised irrigation systems will minimise the shallow watertable hazard associated 
with irrigated agriculture. 
There is no empirical data that indicates the impact irrigated agriculture will have on 
recharge rate or watertable depth of Cockatoo Sands, or other deep sandy soils in 
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the Kununurra area. However, Smolinski et al. (2015) made observations of the 
degree and impact of waterlogging on existing irrigated annual horticultural 
enterprises located on Cockatoo Sands and Pago soil areas around Kununurra. Their 
observations indicate that Pago soils developed for annual irrigated agriculture can 
have persistent, shallow watertables that can cause waterlogging and the build-up of 
salts in the topsoils, particularly where they have clayey profiles. Our baseline data 
shows that even in their uncleared state, areas of Pago soils have persistent shallow 
watertables, which may be expected given that Pago soils generally occur in lower-
slope areas where the regolith is shallow and the underlying rock aquifer discharges 
to the surface. Shallow watertables and elevated soil salinity levels on developed 
Pago soils have caused yield losses and associated management problems, 
requiring subsurface drainage systems on one farm in the Kununurra area. 
In contrast, Smolinski et al. (2015) report that there have not been similar problems 
reported on Cockatoo Sands areas and that these continue to remain well drained 
and productive, with watertables below 2m deep, under similar sprinkler and drip-
irrigated annual production systems.  
5.3.1 Environmental hazard of increased groundwater discharge 
There are two factors that determine the groundwater-related environmental hazard 
associated with agricultural development of the Cockatoo Sands PDAs. The first is 
the chemical hazards in the groundwater. The second is the exposure pathways and 
travel time for a groundwater chemical hazard to move from farmland to the receiving 
environments of the Keep and Ord rivers. 
Chemical hazards 
The first determinant of risk is the chemical hazards that may change with the 
introduction of irrigated agriculture. While there is no available data showing the 
changes under Cockatoo Sands, evaluating the changes in groundwater quality on 
the ORIA stage 1, where clayey black soils have been irrigated for over 40 years, 
gives an indication of potential changes in water quality. Smith et al. (2007) looked at 
a broad spectrum of water quality parameters in groundwater, including 30 pesticides 
in 31 monitoring bores in the ORIA.  
Smith et al. (2007) found that TDS, metals and metalloids are largely unchanged by 
agriculture. Only three species changed significantly: the herbicide atrazine (mean 
0.00037mg/L) and two nitrogen species (total N 4.1mg/L and total oxidised nitrogen 
4.0mg/L).  
Atrazine was found in only 6 of 63 samples and in all other bores it was below the 
detection limit, which suggests pesticides or herbicides may be slow to accumulate in 
groundwater beneath the black soil plains. As expected, atrazine was not detected in 
the baseline for the Cockatoo Sands PDAs because there is no agricultural 
development. Smith et al. (2007) also found that the speciation of nitrogen in 
groundwater had changed as a result of agricultural inputs. Nitrogen in the ORIA was 
dominated by the oxidised nitrogen fraction, whereas the baseline data obtained for 
the Victoria Highway and Carlton Hill areas shows that oxidised nitrogen comprises 
only about 10–15% of TN (Table 4.16 and Table 4.17). Therefore, under agriculture, 
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nitrogen levels in particular are likely to increase and be dominated by oxidised 
nitrogen forms and therefore be more mobile and bioavailable. 
Exposure pathways and travel time 
The time that a chemical hazard remains in groundwater and travels from the 
Cockatoo Sands areas to the Keep or Ord rivers can be estimated from the aquifer 
gradient and hydraulic conductivity characteristics (Chapter 5.1). Using this data, 
travel times for groundwater were calculated to be in the order of hundreds of years 
— even over the shortest route — between the Carlton Hill PDA and the Ord River. 
However, there are areas were the aquifer is exposed to the ground surface and 
groundwater discharge occurs during periods of high watertable in both the Victoria 
Highway and Carlton Hill areas. In these discharge areas, there is potential for any 
contaminants in the aquifer to concentrate at the ground surface, particularly if 
recharge increases under agriculture and causes additional volumes of groundwater 
to discharge. Any groundwater contaminants from these areas could then be 
mobilised to the receiving aquatic environments of the lower Ord and Keep rivers 
during wet season run-off events. However, Bennett et al. (2015) concluded that, 
because the Cockatoo Sands PDAs comprise a small proportion (0.01–0.11%) of the 
catchments that contribute run-off to the rivers, the resultant very high rates of 
dilution that are likely to occur at the catchment scale mean that the physicochemical 
footprint is likely to be very small.  
Although the environmental risk from groundwater contamination following 
agricultural development is likely to be low, ongoing monitoring of the surface water 
and groundwater physicochemistry should be considered as part of good 
environmental management. Monitoring will provide advanced warning of 
environmental risks and allow management strategies, like aquifer dewatering, to be 
undertaken to address the risks. The groundwater chemistry baseline data presented 
in Table 4.15–Table 4.17 and Appendix E provides the basis upon which to assess 
change.  
5.4 Site-specific hydrological risks  
5.4.1 Victoria Highway area 
The entire Victoria Highway PDA consists of free-draining Cockatoo Sands. The 
watertable is generally deep, remaining below 2m over much of the area, even 
following the extreme rainfall and recharge events of February 2014. The hydraulic 
properties and geometry of the deep aquifer in this area indicate that it probably has 
enough transmissivity to cope with additional recharge associated with agricultural 
development. Significant permanent rises in watertables would not be expected 
beneath most of the PDA. However, the northern rim of the PDA, corresponding to 
the areas where the minimum depth to watertable recorded was less than 2m (Figure 
4.9), has a higher risk of developing permanently shallow watertables. 
Following development, there is likely to be an increase in the rate and annual 
volume of groundwater discharge along parts of the northern rim of the PDA. Areas 
at most risk of increased groundwater discharge are those near existing discharge 
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areas, such as near bores 12CS52, 12CS04, 12CS01, 12CS15 and 12CS52 
(Figure 2.3 and Figure 4.9). 
Since the type of agricultural development that may occur is unknown, it was not 
possible to quantify the magnitude of the increase in discharge or its impact on the 
local environment. However, any risk will be substantially reduced under perennial 
agricultural or forestry systems. For annual agricultural crops, incorporating forage or 
other types of cover cropping during the wet season, in particular, is recommended to 
maximise year-round water use. Using multiple cropping rotations on an annual basis 
will also reduce the risk of water erosion and the loss of soluble fertilisers to the 
aquifer. 
As discussed in chapters 5.1 and 5.2, there is good potential for using groundwater 
pumping systems to lower watertables in discrete areas. If required, groundwater 
pumping could be used to minimise groundwater discharge and minimise the 
associated discharge of environmental contaminants to the surface. Should 
groundwater pumping be required, the baseline chemical analysis undertaken 
indicates that it is safe to dispose of the groundwater into the irrigation supply water, 
even at low rates of dilution. 
5.4.2 Carlton Hill area 
Much of the Carlton Hill PDA also consists of free-draining Cockatoo Sands, 
overlying a watertable at least 5m below the surface (Figure 4.13). However, in the 
centre of the PDA, there is about 1300ha of land with watertables within 5m of the 
surface during the baseline monitoring period. It is likely that the shallow watertables 
reported in 2012 had persisted following the above-average 2010/11 wet season. 
About 1200ha of this area consists of Pago soils, with the remainder being Cockatoo 
Sands areas along the Pago margins (Figure 2.8).  
Although Pago soils are generally known to have a high risk of shallow watertables 
developing intermittently when uncleared, and can have salt build-up in their topsoils 
when developed, they were included in the PDA to allow a more cohesive and 
manageable area of land for development. Therefore, the higher risk of shallow 
watertables developing within the Pago soils and adjacent areas of the Carlton Hill 
PDA, with associated waterlogging and accompanying topsoil salinity, should be 
factored into development plans for this area 
Using plant species that are tolerant to waterlogging (including deep-rooted perennial 
crop or tree species) in Pago soils may be the best option to maximise water use. 
Smolinski et al. (2015) also noted that Pago soils are best suited to perennial 
horticulture, tree crops or perhaps fodder crops under carefully managed water 
application. 
Alternatively, using subsurface drainage systems to mitigate waterlogging or 
groundwater pumping systems to lower watertables may be considered. However, 
limited data on the hydraulic properties of the deep, hard-rock aquifer is available for 
the Pago soils and there are indications that groundwater pumping may be less 
effective in this area. The groundwater in the area has a relatively high gradient, is 
likely to be dissected and compartmentalised by faults in numerous places, and the 
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Cockatoo sandstone aquifer material is likely to be siltier and finer than at other sites. 
Therefore, before a pumping system is contemplated for this area, we recommend 
that site-specific investigations are undertaken to determine if the aquifer has the 
required properties to make groundwater pumping a viable option to reduce 
watertables across the broad area of Pago soils in the Carlton Hill area. 
An area of 1338ha of Packsaddle soils is also included within the Carlton Hill PDA. 
Smolinski et al. (2015) noted that these soils had some generic risk of waterlogging 
during wet seasons because of the imperfect drainage properties of their duplex 
profile. In the Carlton Hill PDA, the Packsaddle soils are located in an area that has 
watertables deeper than 5m (Figure 2.8 and Figure 4.16) and overlie the transmissive 
Ningbing Limestone aquifer (limestone reef complex, Figure 5.2). We believe that the 
area of Packsaddle soils identified within the Carlton Hill PDA is likely to have a low 
risk of developing permanent, shallow watertables following agricultural development. 
However, as suggested by Smolinski et al. (2015), they may have an increased risk 
of transient waterlogging caused by temporary perching of water on their more clayey 
‘B’ horizon under some rainfall conditions.  
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6 Conclusion 
This report describes the methodology, data and analyses used to derive the 
baseline hydrogeological and groundwater physicochemical conditions for the 
Victoria Highway and Carlton Hill Cockatoo Sands PDAs, comprising 8806ha near 
Kununurra. This assessment was undertaken in anticipation of baseline results being 
required for environmental compliance, should areas of suitable Cockatoo Sands be 
developed for irrigated agriculture in the future. 
The baseline data was largely derived by following the data analysis and 
interpretation procedures recommended by ANZECC and ARMCANZ (2000). Climate, 
watertable depth, shallow watertable extent, watertable dynamics, aquifer physical 
properties and groundwater chemistry data are reported in the context of a baseline 
upon which any future changes can be assessed. Therefore, should environmental 
compliance monitoring be required in the future, it is appropriate that local trigger 
values are derived from the baseline results reported here. 
The baseline physical and physicochemical characteristics of the groundwater 
systems developed over the three-year assessment period also provided a basis to 
identify the main potential hazards and generic risks to land and water resource 
conditions that may arise following development for irrigated agriculture. Generally, 
there is a low on-site risk of land and water resource degradation associated with 
irrigated agricultural development on the PDAs.  
The Victoria Highway PDA has a risk of increased seasonal groundwater discharge 
in areas immediately downslope of the PDA. As part of good environmental practice, 
the potential downstream land and aquatic environmental impacts of any increased 
groundwater discharge may require assessment once specific agricultural enterprises 
on the PDA are proposed. Potential risks may be minimised by having agricultural 
systems that maximise the use of water from wet season rainfall and use efficient 
irrigation systems. There is also good potential for using groundwater pumping 
systems to recycle groundwater from beneath discharge areas onto the irrigated land 
as a remedial management measure, if required.  
Agricultural systems that maximise the use of water from wet season rainfall and use 
efficient irrigation application systems are also generally recommended for the 
Carlton Hill PDA, as part of good environmental practice. However, about 1300ha of 
inherently wetter, mainly Pago soils within this PDA have a higher risk of developing 
seasonal shallow watertables that may limit production of some annual or perennial 
crop species or tree species. Using species that are tolerant to waterlogging 
(including deep-rooted perennial crop or tree species) to maximise water use on the 
Pago soils is recommended. Further investigation of the aquifer properties beneath 
the Pago soils is required before the effectiveness of groundwater pumping or other 
drainage systems can be assessed.  
There is limited potential for using groundwater as a source of irrigation for the 
Victoria Highway and Carlton Hill PDAs. The relatively low yield and low storativity of 
the underlying sandstone and limestone rock aquifers indicates that groundwater 
sources are unlikely to provide a meaningful contribution to irrigation water supply. 
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However, the groundwater beneath the PDAs is good quality and is suitable for direct, 
long-term irrigation, or for on-farm or other uses. Should groundwater control 
measures such as drainage or pumping be required, it would be safe to dispose of 
the surplus groundwater onto crops via irrigation systems. 
With the land capability (Smolinski et al. 2015) and surface water baseline condition 
reports (Bennett et al. 2015), the data reported here can be used by potential 
developers and environmental regulators as a basis for further investigating 
enterprise-specific risks and for developing management plans.  
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Appendix A Lineaments in the PDAs 
 
Figure A1 Locations of lineaments in the Victoria Highway area, as interpreted from 
aerial photography 
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Figure A2 Locations of lineaments in the Carlton Hill area, as interpreted from aerial 
photography 
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Appendix B Drill logs and bore construction diagrams 
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Org: KIM Bore name: 12CS10S Project: Ord 3 Supervisor/s: D. Bennett 
Date: 11/09/2012 Catchment: Ord River Subcatchment: Emu Creek 
Location: Victoria Highway area of Cockatoo Sands  
Datum: 
GDA94 Zone: 52 
Location QC: 
dGPS 
AHD (m): 
87.918 
E (m): 
484846 N (m): 8251096 
Landholder: Ivanhoe Station 
Land use: pastoral grazing Year cleared: uncleared 
Landform / Soil description: upper slope / loamy sand 
Depth (m) Sample description and drilling comments Hydrogeology 
0 Red/brown (10YR 3/6) loamy sand. Cockatoo Sands 
3.5 As above, but slightly harder, variably indurated.  
4.5 Harder, brown and grey weathered sandstone.  weathered sandstone  
5.5 Very hard sandstone — eventual auger refusal. sandstone 
Driller: Direct Drilling Drill method: auger, tungsten prong Drill bit diam. (mm): 150 
Depth drilled (m): 5.5 Casing total length (m): 5.2 Casing above ground (m): 0.6 
Casing diam. (mm): 50 Casing type: PN12 PVC Casing installation: good 
Screen length (m): 2.00 Annulus seal: bentonite pellets Screen type: PVC 0.5 mm slots 
Screen from (mBGL): 
2.6 
Screen gravel: graded sand 2–
4mm Method of fixing: PVC glue 
Screen to (mBGL): 4.6 Sample date: Construction type: monitoring bore 
SWL (mBGL): dry EC (mS/m): Yield (L/s):  
SWL date: 12/09/2012 pH: Airlifted (hrs): 
Material screened: Cockatoo Sands and top of weathered sandstone (~95:5) 
Notes: Steel headworks with concrete footing (to ~0.3mBGL). 
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Org: KIM Bore name: 12CS11S Project: Ord 3 Supervisor/s: D. Bennett 
Date: 11/09/2012 Catchment: Ord River Subcatchment: Emu Creek 
Location: Victoria Highway area of Cockatoo Sands  
Datum: 
GDA94 Zone: 52 
Location QC: 
dGPS 
AHD (m): 
82.557 
E (m): 
485065 N (m): 8251693 
Landholder: Ivanhoe Station 
Land use: pastoral grazing Year cleared: uncleared 
Landform / Soil description: mid-slope / loamy sand 
Depth (m) Sample description and drilling comments Hydrogeology 
0 Red/brown (2.5YR 4/6) fine loamy sand.  Cockatoo Sands 
0.5 Red (10R 4/8) fine loamy sand.  
3.2 Harder, brown weathered sandstone.  weathered sandstone 
4.0 Very hard sandstone — eventual auger refusal. sandstone 
Driller: Direct Drilling Drill method: auger, tungsten prong Drill bit diam. (mm): 150 
Depth drilled (m): 4.0 Casing total length (m): 4.1 Casing above ground (m): 0.6 
Casing diam. (mm): 50 Casing type: PN12 PVC Casing installation: good 
Screen length (m): 2.00 Annulus seal: bentonite pellets Screen type: PVC 0.5mm slots 
Screen from (mBGL): 
1.5 
Screen gravel: graded sand 2–
4mm Method of fixing: PVC glue 
Screen to (mBGL): 3.5 Sample date: Construction type: monitoring bore 
SWL (mBGL): dry EC (mS/m): Yield (L/s):  
SWL date: 12/09/2012 pH: Airlifted (hrs): 
Material screened: Cockatoo Sands and top of weathered sandstone (~85:15) 
Notes: Steel headworks with concrete footing (to ~0.3mBGL). 
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Org: KIM Bore name: 12CS15S Project: Ord 3 Supervisor/s: D. Bennett 
Date: 12/09/2012 Catchment: Ord River Subcatchment: Emu Creek 
Location: Victoria Highway area of Cockatoo Sands  
Datum: 
GDA94 Zone: 52 
Location QC: 
dGPS 
AHD (m): 
75.920 
E (m): 
485862 N (m): 8251159 
Landholder: Ivanhoe Station 
Land use: pastoral grazing Year cleared: uncleared 
Landform / Soil description: lower slope / loamy sand 
Depth (m) Sample description and drilling comments Hydrogeology 
0 Light brown (7.5YR 4/6) loamy sand. topsoil 
0.3 Yellow/brown (10YR 5/8) loamy sand.  subsoil 
2.1 Mottled red and grey sandy clay, likely weathered sandstone.  weathered sandstone 
3.5 A/A but harder, moist.  
3.8 Very hard, red and grey sandstone chips, quite moist.   
4.5 Eventual auger refusal. sandstone 
Driller: Direct Drilling Drill method: auger, tungsten prong Drill bit diam. (mm): 150 
Depth drilled (m): 4.5 Casing total length (m): 4.5 Casing above ground (m): 0.6 
Casing diam. (mm): 50 Casing type: PN12 PVC Casing installation: good 
Screen length (m): 3.00 Annulus seal: bentonite pellets Screen type: PVC 0.5mm slots 
Screen from (mBGL): 
0.9 
Screen gravel: graded sand 2–
4mm Method of fixing: PVC glue 
Screen to (mBGL): 3.9 Sample date: Construction type: monitoring bore 
SWL (mBGL): dry EC (mS/m): Yield (L/s):  
SWL date: 13/09/2012 pH: Airlifted (hrs): 
Material screened: loamy sand and weathered sandstone (~50:50) 
Notes: Steel headworks with concrete footing (to ~0.3mBGL). 
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Org: KIM Bore name: 12CS16S Project: Ord 3 Supervisor/s: D. Bennett 
Date: 12/09/2012 Catchment: Ord River Subcatchment: Emu Creek 
Location: Victoria Highway area of Cockatoo Sands  
Datum: 
GDA94 Zone: 52 
Location QC: 
dGPS 
AHD (m): 
79.280 
E (m): 
485728 N (m): 8250708 
Landholder: Ivanhoe Station 
Land use: pastoral grazing Year cleared: uncleared 
Landform / Soil description: mid-slope / loamy sand 
Depth (m) Sample description and drilling comments Hydrogeology 
0 Pale yellow/brown (10YR 4/3) loamy fine sand. Cockatoo Sands  
0.5 Yellow/brown (5YR 5/8) loamy fine sand.  
3.5 Yellow/brown (5YR 5/8) clayey fine sand.  
4.1 Harder layers of dark brown and grey sandy clay containing minor small ironstone nodules.  weathered sandstone 
5.1 Brown and grey mottled clay with minor sand grains.  
6.3 Hard brown sandstone.  
7.0 Very hard sandstone, auger refusal. sandstone 
Driller: Direct Drilling Drill method: auger, tungsten prong Drill bit diam. (mm): 150 
Depth drilled (m): 7.0 Casing total length (m): 6.53 Casing above ground (m): 0.6 
Casing diam. (mm): 50 Casing type: PN12 PVC Casing installation: good 
Screen length (m): 4.00 Annulus seal: bentonite pellets Screen type: PVC 0.5mm slots 
Screen from (mBGL): 
1.93 Screen gravel: graded sand 2–4mm Method of fixing: PVC glue 
Screen to (mBGL): 5.93 Sample date: Construction type: monitoring bore 
SWL (mBGL): dry EC (mS/m): Yield (L/s):  
SWL date: 13/09/2012 pH: Airlifted (hrs): 
Material screened: Cockatoo Sands and top of weathered sandstone (~60:40) 
Notes: Steel headworks with concrete footing (to ~0.3mBGL). 
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Org: KIM Bore name: 12CS17S Project: Ord 3 Supervisor/s: D. Bennett 
Date: 12/09/2012 Catchment: Ord River Subcatchment: Emu Creek 
Location: Victoria Highway area of Cockatoo Sands  
Datum: 
GDA94 Zone: 52 
Location QC: 
dGPS 
AHD (m): 
88.553 
E (m): 
485946 N (m): 8249859 
Landholder: Ivanhoe Station 
Land use: pastoral grazing Year cleared: uncleared 
Landform / Soil description: upper slope / loamy sand 
Depth (m) Sample description and drilling comments Hydrogeology 
0 Pale red/brown (5YR 4/6) loamy sand. Cockatoo Sands  
0.4 Darker red/brown (2.5YR 4/8) loamy fine sand.  
6.1 Grey and brown sandy clay, harder. weathered sandstone 
7.5 Very hard sandstone, auger refusal. sandstone 
Driller: Direct Drilling Drill method: auger, tungsten prong Drill bit diam. (mm): 150 
Depth drilled (m): 7.5 Casing total length (m): 8.05 Casing above ground (m): 0.6 
Casing diam. (mm): 50 Casing type: PN12 PVC Casing installation: OK 
Screen length (m): 2.00 Annulus seal: bentonite pellets Screen type: PVC 0.5mm slots 
Screen from (mBGL): 
5.45 
Screen gravel: graded sand 2–
4mm Method of fixing: PVC glue 
Screen to (mBGL): 7.45 Sample date: Construction type: monitoring bore 
SWL (mBGL): Dry EC (mS/m): Yield (L/s):  
SWL date: 13/09/2012 pH: Airlifted (hrs): 
Material screened: Cockatoo Sands and top of weathered sandstone (~30:70) 
Notes: Steel headworks with concrete footing (to ~0.3mBGL). 
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Org: KIM Bore name: 12CS19S Project: Ord 3 Supervisor/s: D. Bennett 
Date: 13/09/2012 Catchment: Ord River Subcatchment: Emu Creek 
Location: Victoria Highway area of Cockatoo Sands  
Datum: 
GDA94 Zone: 52 
Location QC: 
dGPS 
AHD (m): 
78.781 
E (m): 
487985 N (m): 8250266 
Landholder: Ivanhoe Station 
Land use: pastoral grazing Year cleared: uncleared 
Landform / Soil description: mid-slope / loamy sand 
Depth (m) Sample description and drilling comments Hydrogeology 
0 Yellow/brown (7.5YR 5/6) sandy loam. topsoil 
0.5 Yellow/brown (7.5YR 8/8) sandy loam, moist. subsoil 
1.5 Yellow/brown (7.5YR 8/8) sandy clay.  
3.0 Auger refusal, hard sandstone.  sandstone 
Driller: Direct Drilling Drill method: auger, tungsten prong Drill bit diam. (mm): 150 
Depth drilled (m): 3.0 Casing total length (m): 3.47 Casing above ground (m): 0.6 
Casing diam. (mm): 50 Casing type: PN12 PVC Casing installation: good 
Screen length (m): 2.00 Annulus seal: bentonite pellets Screen type: PVC 0.5mm slots 
Screen from (mBGL): 
0.87 
Screen gravel: graded sand 2–
4mm Method of fixing: PVC glue 
Screen to (mBGL): 2.87 Sample date: Construction type: monitoring bore 
SWL (mBGL): 3.22 EC (mS/m): Yield (L/s):  
SWL date: 13/09/2012 pH: Airlifted (hrs): 
Material screened: sandy loam / sandy clay subsoil (30:70) 
Notes: Steel headworks with concrete footing (to ~0.3mBGL). Developed by bailing dry. 
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Org: KIM Bore name: 12CS20S Project: Ord 3 Supervisor/s: D. Bennett 
Date: 12/09/2012 Catchment: Ord River Subcatchment: Emu Creek 
Location: Victoria Highway area of Cockatoo Sands  
Datum: 
GDA94 Zone: 52 
Location QC: 
dGPS 
AHD (m): 
88.562 
E (m): 
489862 N (m): 8248430 
Landholder: Ivanhoe Station 
Land use: pastoral grazing Year cleared: uncleared 
Landform / Soil description: upper slope / loamy sand 
Depth (m) Sample description and drilling comments Hydrogeology 
0 Light brown loamy sand. Cockatoo Sands 
0.6 Red/brown (5YR 5/6) loamy sand.  
4.0 Yellow/brown (5YR 4/6) loamy sand, moist.  
7.7 Very hard, grits of fresh sandstone in sample. sandstone 
7.8 Auger refusal, sandstone.  
Driller: Direct Drilling Drill method: auger, tungsten prong Drill bit diam. (mm): 150 
Depth drilled (m): 7.8 Casing total length (m): 8.3 Casing above ground (m): 0.6 
Casing diam. (mm): 50 Casing type: PN12 PVC Casing installation: good 
Screen length (m): 2.00 Annulus seal: bentonite pellets Screen type: PVC 0.5mm slots 
Screen from (mBGL): 5.7 Screen gravel: graded sand 2–4mm Method of fixing: PVC glue 
Screen to (mBGL): 7.7 Sample date: Construction type: monitoring bore 
SWL (mBGL): dry EC (mS/m): Yield (L/s):  
SWL date: 13/09/2012 pH: Airlifted (hrs): 
Material screened: Cockatoo Sands 
Notes: Steel headworks with concrete footing (to ~0.3mBGL). 
119 
Cockatoo Sands hydrogeology 
Org: KIM Bore name: 12CS21S Project: Ord 3 Supervisor/s: D. Bennett 
Date: 12/09/2012 Catchment: Ord River Subcatchment: Emu Creek 
Location: Victoria Highway area of Cockatoo Sands  
Datum: 
GDA94 Zone: 52 
Location QC: 
dGPS 
AHD (m): 
83.709 
E (m): 
490347 N (m): 8248695 
Landholder: Ivanhoe Station 
Land use: pastoral grazing Year cleared: uncleared 
Landform / Soil description: mid-slope / loamy sand 
Depth (m) Sample description and drilling comments Hydrogeology 
0 Light brown (5YR 4/6) loamy sand. Cockatoo Sands  
0.7 Red/brown (5YR 5/6), moist, clayey sand, contains some light grey flecks.  
6.1 Light grey soft sandstone chips in a yellow/brown, wet sandy clay matrix, harder. weathered sandstone 
7.0 Auger refusal, sandstone. sandstone  
Driller: Direct Drilling Drill method: auger, tungsten prong Drill bit diam. (mm): 150 
Depth drilled (m): 7.0 Casing total length (m): 7.4 Casing above ground (m): 0.6 
Casing diam. (mm): 50 Casing type: PN12 PVC Casing installation: good 
Screen length (m): 2.00 Annulus seal: bentonite pellets Screen type: PVC 0.5mm slots 
Screen from (mBGL): 4.8 Screen gravel: graded sand 2–4mm Method of fixing: PVC glue 
Screen to (mBGL): 6.8 Sample date: Construction type: monitoring bore 
SWL (mBGL): 5.14 EC (mS/m): Yield (L/s):  
SWL date: 13/09/2012 pH: Airlifted (hrs): 
Material screened: Cockatoo Sands and top of weathered sandstone (~90:10) 
Notes: Steel headworks with concrete footing (to ~0.3mBGL). Developed by bailing dry. 
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Org: KIM Bore name: 12CS22S Project: Ord 3 Supervisor/s: D. Bennett 
Date: 25/11/2012 Catchment: Ord River Subcatchment: D4 drain 
Location: Mulligans Road, Ivanhoe District of Ord Stage 1 
Datum: 
GDA94 Zone: 52 
Location QC: 
GPS AHD (m):  
E (m): 
473443 N (m): 8267036 
Landholder: Department of Agriculture and Food, block leased to Tropical Sands in 2012 
Land use: Intensive horticulture from late 2012 onwards Year cleared: 2004?, partially regrown, cleared again in late 2012 
Landform / Soil description: lower slope / loamy sand 
Depth (m) Sample description and drilling comments Hydrogeology 
0–0.3 Red/brown sandy loam. topsoil 
0.3 Dark red fine sandy loam. Cockatoo Sands 
1.4 Auger refusal on sandstone (hard sandstone fragments to 20mm returned). weathered sandstone 
Driller: DAFWA  Drill method: Hand Auger Drill bit diam. (mm): 150 
Depth drilled (m): 1.40 Casing total length (m): 1.90 Casing above ground (m): 0.5 
Casing diam. (mm): 32 Casing type: PN12 PVC Casing installation: good 
Screen length (m): 1 Annulus seal: ‘black soil’ clay Screen type: PVC 1mm hand slotted 
Screen from (mBGL): 0.4 Screen gravel: ‘creek sand’ to 1mm Method of fixing: PVC glue 
Screen to (mBGL): 1.4 Sample date: Construction type: monitoring bore 
SWL (mBGL): dry EC (mS/m): Yield (L/s):  
SWL date: 25/11/12 pH: Airlifted (hrs): 
Material screened: Cockatoo Sands 
Notes: Marked with steel post and fitted with 3m PVC (sleeve) marker pole. 
121 
Cockatoo Sands hydrogeology 
Org: KIM Bore name: 12CS23S Project: Ord 3 Supervisor/s: D. Bennett 
Date: 7/09/2012 Catchment: Ord River Subcatchment: Small tributary creek of lower Ord River 
Location: Carlton Hill area of Pago soils  
Datum: 
GDA94 Zone: 52 
Location QC: 
dGPS 
AHD (m): 
38.999 
E (m): 
465686 N (m): 8281567 
Landholder: Carlton Hill Station 
Land use: pastoral grazing Year cleared: uncleared 
Landform / Soil description: lower slope / loamy sand 
Depth (m) Sample description and drilling comments Hydrogeology 
0 Yellow/brown (7.5YR 4/4) loamy sand. Pago sand 
4 Wet (watertable).  
5.5 Light brown (7YR 5/8) clayey sand.  
6.0 End of hole (not refusal).  
 Hole open to 5.0m. Casing hand-pushed through slop to 6.0m.  
 Equivalent screen gravel added to envelop 2m of screen.  
Driller: Direct Drilling Drill method: auger, tungsten prong Drill bit diam. (mm): 150 
Depth drilled (m): 6.0 Casing total length (m): 6.7 Casing above ground (m): 0.7 
Casing diam. (mm): 50 Casing type: PN12 PVC Casing installation: OK 
Screen length (m): 2.00 Annulus seal: bentonite pellets Screen type: PVC 0.5mm slots 
Screen from (mBGL): 4.0 Screen gravel: graded sand 2–4mm Method of fixing: PVC glue 
Screen to (mBGL): 6.0 Sample date: Construction type: monitoring bore 
SWL (mBGL): 5.74 EC (mS/m): Yield (L/s):  
SWL date: 8/09/2012 pH: Airlifted (hrs): 
Material screened: Pago sand and clayey sand (75:25) 
Notes: Steel headworks with concrete footing (to ~0.3mBGL). Developed by bailing until dry. 
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Org: KIM Bore name: 12CS25S Project: Ord 3 Supervisor/s: D. Bennett 
Date: 7/09/2012 Catchment: Ord River Subcatchment: Small tributary creek of lower Ord River 
Location: Carlton Hill area of Pago soils  
Datum: 
GDA94 Zone: 52 
Location QC: 
dGPS 
AHD (m): 
39.914 
E (m): 
462696 N (m): 8282984 
Landholder: Carlton Hill Station 
Land use: pastoral grazing Year cleared: uncleared 
Landform / Soil description: lower slope / loamy sand 
Depth (m) Sample description and drilling comments Hydrogeology 
0 Yellow/brown (7.5YR 5/4) loamy sand. Pago sand 
1.5 Yellow/brown (7.5YR 5/6) clayey sand, moist.  
2.8 Harder, small dark brown ironstone pebbles in clayey sand matrix.  
3.0 Brown clayey sand, wet (watertable).  
5.0 Yellow brown sandy clay containing minor weathered sandstone fragments, wet. weathered sandstone 
6.0 End of hole (not refusal).  
Driller: Direct Drilling Drill method: auger, tungsten prong Drill bit diam. (mm): 150 
Depth drilled (m): 6.0 Casing total length (m): 6.7 Casing above ground (m): 0.7 
Casing diam. (mm): 50 Casing type: PN12 PVC Casing installation: good 
Screen length (m): 2.70 Annulus seal: bentonite pellets Screen type: PVC 0.5mm slots 
Screen from (mBGL): 3.3 Screen gravel: graded sand 2–4mm Method of fixing: PVC glue 
Screen to (mBGL): 6.0 Sample date: Construction type: monitoring bore 
SWL (mBGL): 5.05 EC (mS/m): Yield (L/s):  
SWL date: 8/09/2012 pH: Airlifted (hrs): 
Material screened: Pago sand (clayey) and weathered sandstone (~65:35) 
Notes: Steel headworks with concrete footing (to ~0.3mBGL). Developed by bailing until dry. 
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Org: KIM Bore name: 12CS26S Project: Ord 3 Supervisor/s: D. Bennett 
Date: 7/09/2012 Catchment: Ord River Subcatchment: Small tributary creek of lower Ord River 
Location: Carlton Hill area of Cockatoo Sands  
Datum: 
GDA94 Zone: 52 
Location QC: 
dGPS 
AHD (m): 
66.509 
E (m): 
467230 N (m): 8283948 
Landholder: Carlton Hill Station 
Land use: pastoral grazing Year cleared: uncleared 
Landform / Soil description: lower slope / loamy sand 
Depth (m) Sample description and drilling comments Hydrogeology 
0 Red/brown (2.5YR 3/6) loamy sand. Cockatoo Sands  
0.3 Dark red/brown loamy sand.  
3.0 Dark red/brown clayey sand, moist.  
3.5 Clayey wet sand (watertable).  
5.5 Harder. weathered sandstone 
5.9 Very hard. Dark red/brown hard sandstone chips in sample. sandstone 
6.0 Auger refusal, hard sandstone.  
Driller: Direct Drilling Drill method: auger, tungsten prong Drill bit diam. (mm): 150 
Depth drilled (m): 6.0 Casing total length (m): 5.7 Casing above ground (m): 0.6 
Casing diam. (mm): 50 Casing type: PN12 PVC Casing installation: good 
Screen length (m): 3.00 Annulus seal: bentonite pellets Screen type: PVC 0.5mm slots 
Screen from (mBGL): 
2.10 
Screen gravel: graded sand 2–
4mm Method of fixing: PVC glue 
Screen to (mBGL): 5.10 Sample date: Construction type: monitoring bore 
SWL (mBGL): 4.71 EC (mS/m): Yield (L/s):  
SWL date: 8/09/2012 pH: Airlifted (hrs): 
Material screened: Cockatoo Sands and clayey sand (~65:35) 
Notes: Steel headworks with concrete footing (to ~0.3mBGL). Developed by bailing until dry. 
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Org: KIM Bore name: 12CS28S Project: Ord 3 Supervisor/s: D. Bennett 
Date: 7/09/2012 Catchment: Ord River Subcatchment: Small tributary creek of lower Ord River 
Location: Carlton Hill area of Cockatoo Sands  
Datum: 
GDA94 Zone: 52 
Location QC: 
dGPS 
AHD (m): 
75.367 
E (m): 
465381 N (m): 8287028 
Landholder: Carlton Hill Station 
Land use: pastoral grazing Year cleared: uncleared 
Landform / Soil description: mid-slope / loamy sand 
Depth (m) Sample description and drilling comments Hydrogeology 
0 Red (10R 3/6) loamy sand. Cockatoo Sands 
3.1 Harder, brown sandstone pieces in cuttings. weathered sandstone 
5.5 Auger refusal on hard sandstone. sandstone 
Driller: Direct Drilling Drill method: Auger, tungsten prong Drill bit diam. (mm): 150 
Depth drilled (m): 5.5 Casing total length (m): 3.97 Casing above ground (m): 0.6 
Casing diam. (mm): 50 Casing type: PN12 PVC Casing installation: good 
Screen length (m): 2.00 Annulus seal: bentonite pellets Screen type: PVC 0.5mm slots 
Screen from (mBGL): 
1.37 
Screen gravel: graded sand 2–
4mm Method of fixing: PVC glue 
Screen to (mBGL): 3.37 Sample date: Construction type: monitoring bore 
SWL (mBGL): dry EC (mS/m): Yield (L/s):  
SWL date: 8/09/2012 pH: Airlifted (hrs): 
Material screened: Cockatoo Sands and top of weathered sandstone (~90:10) 
Notes: Steel headworks with concrete footing (to ~0.3mBGL). 
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Org: KIM Bore name: 12CS29S Project: Ord 3 Supervisor/s: D. Bennett 
Date: 6/09/2012 Catchment: Ord River Subcatchment: Small tributary creek of lower Ord River 
Location: Carlton Hill area of Cockatoo Sands  
Datum: 
GDA94 Zone: 52 
Location QC: 
dGPS 
AHD (m): 
81.040 
E (m): 
465434 N (m): 8288673 
Landholder: Carlton Hill Station 
Land use: pastoral grazing Year cleared: uncleared 
Landform / Soil description: mid-slope / loamy sand 
Depth (m) Sample description and drilling comments Hydrogeology 
0 Yellow/brown (7.5YR 4/6), loamy sand. Cockatoo Sands 
4 Yellow/brown (2.5YR 4/6) loamy sand, wet (watertable).  
7 Auger refusal, presumably sandstone. sandstone? 
 Hole collapsed to ~5m. Casing hand-pushed through slop to ~7m.  
 Equivalent screen gravel added to surround 2m of screen.  
Driller: Direct Drilling Drill method: auger, tungsten prong Drill bit diam. (mm): 150 
Depth drilled (m): 7.0 Casing total length (m): 7.59 Casing above ground (m): 0.6 
Casing diam. (mm): 50 Casing type: PN12 PVC Casing installation: good 
Screen length (m): 2.00 Annulus seal: bentonite pellets Screen type: PVC 0.5mm slots 
Screen from (mBGL): 
4.99 
Screen gravel: graded sand 2–
4mm Method of fixing: PVC glue 
Screen to (mBGL): 6.99 Sample date: Construction type: monitoring bore 
SWL (mBGL): 5.10 EC (mS/m): Yield (L/s):  
SWL date: 8/09/2012 pH: Airlifted (hrs): 
Material screened: Cockatoo Sands 
Notes: Steel headworks with concrete footing (to ~0.3mBGL). Developed by bailing until dry. 
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Org: KIM Bore name: 12CS33S Project: Ord 3 Supervisor/s: D. Bennett 
Date: 5/09/2012 Catchment: Keep River Subcatchment: Sandy Creek 
Location: Carlton Hill area of Cockatoo Sands  
Datum: 
GDA94 Zone: 52 
Location QC: 
dGPS 
AHD (m): 
64.058 
E (m): 
469705 N (m): 8294488 
Landholder: Carlton Hill Station 
Land use: pastoral grazing Year cleared: uncleared 
Landform / Soil description: mid-slope / loamy sand 
Depth (m) Sample description and drilling comments Hydrogeology 
0 Red/brown (5YR 4/6) loamy fine sand. Cockatoo Sands 
2 Darker red (10R 4/6) fine sandy loam, moist.  
5.1 Hard, brown sandstone chips. sandstone 
5.2 Auger refusal, sandstone.  
Driller: Direct Drilling Drill method: auger, tungsten prong Drill bit diam. (mm): 150 
Depth drilled (m): 5.2 Casing total length (m): 5.8 Casing above ground (m): 0.6 
Casing diam. (mm): 50 Casing type: PN12 PVC Casing installation: good 
Screen length (m): 3.00 Annulus seal: bentonite pellets Screen type: PVC 0.5mm slots 
Screen from (mBGL): 2.2 Screen gravel: graded sand 2–4mm Method of fixing: PVC glue 
Screen to (mBGL): 5.2 Sample date: Construction type: monitoring bore 
SWL (mBGL): dry EC (mS/m): Yield (L/s):  
SWL date: 8/09/2012 pH: Airlifted (hrs): 
Material screened: Cockatoo Sands  
Notes: steel headworks with concrete footing (to ~0.3mBGL). 
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Org: KIM Bore name: 12CS51S Project: Ord 3 Supervisor/s: D. Bennett 
Date: 14/09/2012 Catchment: Ord River Subcatchment: Emu Creek 
Location: Victoria Highway area of Cockatoo Sands  
Datum: 
GDA94 Zone: 52 
Location QC: 
dGPS 
AHD (m): 
69.064 
E (m): 
478566 N (m): 8251266 
Landholder: Juju Wilson 0411952254 
Land use: Unused Year cleared: uncleared 
Landform / Soil description: upper slope / loamy sand 
Depth (m) Sample description and drilling comments Hydrogeology 
0 Pale red/brown (2.5YR 4/6), loamy sand. Cockatoo Sands 
0.4 Red/brown (10R 4/6), fine loamy sand.  
2.3 Weathered brown and grey sandstone, hard. weathered sandstone 
2.5 Very hard, auger refusal, sandstone. sandstone 
Driller: Direct Drilling Drill method: Auger, tungsten prong Drill bit diam. (mm): 150 
Depth drilled (m): 2.5 Casing total length (m): 2.75 Casing above ground (m): 0.6 
Casing diam. (mm): 50 Casing type: PN12 PVC Casing installation: good 
Screen length (m): 1.00 Annulus seal: bentonite pellets Screen type: PVC 0.5mm slots 
Screen from (mBGL): 
1.15 
Screen gravel: graded sand 2–
4mm Method of fixing: PVC glue 
Screen to (mBGL): 2.15 Sample date: Construction type: monitoring bore 
SWL (mBGL): dry EC (mS/m): Yield (L/s):  
SWL date: 14/09/2012 pH: Airlifted (hrs): 
Material screened: Cockatoo Sands 
Notes: Steel headworks with concrete footing (to ~0.3mBGL). 
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Org: KIM Bore name: 12CS52S Project: Ord 3 Supervisor/s: D. Bennett 
Date: 14/09/2012 Catchment: Ord River Subcatchment: Emu Creek 
Location: Victoria Highway area of Cockatoo Sands 
Datum: 
GDA94 Zone: 52 
Location QC: 
dGPS 
AHD (m): 
64.120 
E (m): 
478986 N (m): 8251974 
Landholder: Juju Wilson 0411952254 
Land use: Unused Year cleared: uncleared 
Landform / Soil description: mid-slope / loamy sand 
Depth (m) Sample description and drilling comments Hydrogeology 
0 Pale red/brown (2.5YR 4/6), loamy sand. Cockatoo Sands 
0.2 Red/brown (10R 4/6), fine, loamy sand.  
4.0 Moist.  
7.0 Weathered brown and grey sandstone, hard. weathered sandstone 
7.5 Very hard, auger refusal, sandstone. sandstone 
Driller: Direct Drilling Drill method: auger, tungsten prong Drill bit diam. (mm): 150 
Depth drilled (m): 7.5 Casing total length (m): 7.78 Casing above ground (m): 0.6 
Casing diam. (mm): 50 Casing type: PN12 PVC Casing installation: good 
Screen length (m): 3.00 Annulus seal: bentonite pellets Screen type: PVC 0.5mm slots 
Screen from (mBGL): 
4.18 
Screen gravel: graded sand 2–
4mm Method of fixing: PVC glue 
Screen to (mBGL): 7.18 Sample date: Construction type: monitoring bore 
SWL (mBGL): 6.75 EC (mS/m): Yield (L/s):  
SWL date: 14/09/2012 pH: Airlifted (hrs): 
Material screened: Cockatoo Sands 
Notes: Steel headworks with concrete footing (to ~0.3mBGL). Developed by bailing until dry. 
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Org: KIM Bore name: 12CS53S Project: Ord 3 Supervisor/s: D. Bennett 
Date: 14/09/2012 Catchment: Ord River Subcatchment: Emu Creek 
Location: Victoria Highway area of Cockatoo Sands 
Datum: 
GDA94 Zone: 52 
Location QC: 
dGPS 
AHD (m): 
69.729 
E (m): 
479971 N (m): 8251557 
Landholder: Ivanhoe Station 
Land use: pastoral grazing Year cleared: uncleared 
Landform / Soil description: upper slope / loamy sand 
Depth (m) Sample description and drilling comments Hydrogeology 
0 Pale red/brown (2.5YR 4/6), loamy sand. Cockatoo Sands 
0.4 Darker red/brown (2.5 YR 3/6), loamy sand,  
4.5 Red and grey weathered sandstone, hard. weathered sandstone 
5.9 Very hard, auger refusal, sandstone. sandstone 
Driller: Direct Drilling Drill method: Auger, tungsten prong Drill bit diam. (mm): 150 
Depth drilled (m): 5.9 Casing total length (m): 5.80 Casing above ground (m): 0.6 
Casing diam. (mm): 50 Casing type: PN12 PVC Casing installation: good 
Screen length (m): 2.00 Annulus seal: bentonite pellets Screen type: PVC 0.5mm slots 
Screen from (mBGL): 
3.20 
Screen gravel: graded sand 2–
4mm Method of fixing: PVC glue 
Screen to (mBGL): 5.20 Sample date: Construction type: monitoring bore 
SWL (mBGL): dry EC (mS/m): Yield (L/s):  
SWL date: 14/09/2012 pH: Airlifted (hrs): 
Material screened: Cockatoo Sands and weathered sandstone (~65:35) 
Notes: Steel headworks with concrete footing (to ~0.3mBGL). 
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Org: KIM Bore name: 12CS56S Project: Ord 3 Supervisor/s: D. Bennett 
Date: 5/09/2012 Catchment: Ord River Subcatchment: Emu Creek 
Location: Victoria Highway area of Cockatoo Sands 
Datum: 
GDA94 Zone: 52 
Location QC: 
dGPS 
AHD (m): 
71.642 
E (m): 
481277 N (m): 8252084 
Landholder: Ivanhoe Station 
Land use: pastoral grazing Year cleared: uncleared 
Landform / Soil description: mid-slope / loamy sand 
Depth (m) Sample description and drilling comments Hydrogeology 
0 Pale yellow/brown (7.5YR 5/6), loamy, fine sand. Cockatoo Sands 
0.3 Yellow/brown (5YR 5/8), loamy, fine sand.  
1.5 Harder, grey and brown weathered sandstone. weathered sandstone 
3.0 Very hard, auger refusal, sandstone. sandstone 
Driller: Direct Drilling Drill method: auger, tungsten prong Drill bit diam. (mm): 150 
Depth drilled (m): 3.0 Casing total length (m): 3.40 Casing above ground (m): 0.6 
Casing diam. (mm): 50 Casing type: PN12 PVC Casing installation: good 
Screen length (m): 2.00 Annulus seal: bentonite pellets Screen type: PVC 0.5mm slots 
Screen from (mBGL): 0.8 Screen gravel: graded sand 2–4mm Method of fixing: PVC glue 
Screen to (mBGL): 2.80 Sample date: Construction type: monitoring bore 
SWL (mBGL): dry EC (mS/m): Yield (L/s):  
SWL date: 14/09/2012 pH: Airlifted (hrs): 
Material screened: Cockatoo Sands and weathered sandstone (~35:65) 
Notes: Steel headworks with concrete footing (to ~0.3mBGL). 
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Org: KIM Bore name: 12CS57S Project: Ord 3 Supervisor/s: D. Bennett 
Date: 13/09/2012 Catchment: Ord River Subcatchment: Emu Creek 
Location: Victoria Highway area of Cockatoo Sands 
Datum: 
GDA94 Zone: 52 
Location QC: 
dGPS 
AHD (m): 
58.419 
E (m): 
480747 N (m): 8252590 
Landholder: Ivanhoe Station 
Land use: pastoral grazing Year cleared: uncleared 
Landform / Soil description: lower slope / loamy sand 
Depth (m) Sample description and drilling comments Hydrogeology 
0 Red/brown (7.5YR 5/4), loamy sand. topsoil 
0.5 Yellow/brown, loamy sand. subsoil 
1.7 Yellow/brown (7.5YR 5/8), clayey wet sand.  
3.0 Very hard, auger refusal, presumably sandstone. sandstone 
Driller: Direct Drilling Drill method: auger, tungsten prong Drill bit diam. (mm): 150 
Depth drilled (m): 3.0 Casing total length (m): 3.3 Casing above ground (m): 0.6 
Casing diam. (mm): 50 Casing type: PN12 PVC Casing installation: good 
Screen length (m): 2.00 Annulus seal: bentonite pellets Screen type: PVC 0.5mm slots 
Screen from (mBGL): 
0.70 
Screen gravel: graded sand 2–
4mm Method of fixing: PVC glue 
Screen to (mBGL): 2.70 Sample date: Construction type: monitoring bore 
SWL (mBGL): 1.57 EC (mS/m): Yield (L/s):  
SWL date: 13/09/2012 pH: Airlifted (hrs): 
Material screened: Subsoil, loamy and clayey sand (~50:50) 
Notes: Steel headworks with concrete footing (to ~0.3mBGL). 
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Org: KIM Bore name: 12CS58S Project: Ord 3 Supervisor/s: D. Bennett 
Date: 14/09/2012 Catchment: Ord River Subcatchment: Emu Creek 
Location: Victoria Highway area of Cockatoo Sands 
Datum: 
GDA94 Zone: 52 
Location QC: 
dGPS 
AHD (m): 
57.093 
E (m): 
479278 N (m): 8254577 
Landholder: Ivanhoe Station 
Land use: pastoral grazing Year cleared: uncleared 
Landform / Soil description: lower slope / loamy sand 
Depth (m) Sample description and drilling comments Hydrogeology 
0 Yellow/brown (7.5YR 5/6) medium sand. Pago sand 
3 Wet (watertable).  
3.5 Yellow/brown (7.5YR 5/6) clayey wet sand.  
4.5 End of hole (not refusal).  
 Hole collapsed to ~3m. Casing would not push in further.  
Driller: Direct Drilling Drill method: auger, tungsten prong Drill bit diam. (mm): 150 
Depth drilled (m): 4.5 Casing total length (m): 3.65 Casing above ground (m): 0.6 
Casing diam. (mm): 50 Casing type: PN12 PVC Casing installation: good 
Screen length (m): 2.00 Annulus seal: bentonite pellets Screen type: PVC 0.5mm slots 
Screen from (mBGL): 
1.05 
Screen gravel: graded sand 2–
4mm Method of fixing: PVC glue 
Screen to (mBGL): 3.05 Sample date: Construction type: monitoring bore 
SWL (mBGL): 2.18 EC (mS/m): Yield (L/s):  
SWL date: 14/09/2012 pH: Airlifted (hrs): 
Material screened: Pago sand 
Notes: Steel headworks with concrete footing (to ~0.3mBGL). 
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Org: KIM Bore name: 12CS59S Project: Ord 3 Supervisor/s: D. Bennett 
Date: 11/09/2012 Catchment: Ord River Subcatchment: Emu Creek 
Location: Victoria Highway area of Cockatoo Sands 
Datum: 
GDA94 Zone: 52 
Location QC: 
dGPS 
AHD (m): 
93.477 
E (m): 
483959 N (m): 8250906 
Landholder: Ivanhoe Station 
Land use: pastoral grazing Year cleared: uncleared 
Landform / Soil description: crest / loamy sand 
Depth (m) Sample description and drilling comments Hydrogeology 
0 Pale red/brown (2.5YR 4/6) loamy fine sand. Cockatoo Sands 
0.3 Red/brown (10R4/6) loamy fine sand.  
2.0 Slightly paler, getting harder.  
3.0 Much harder, small, hard, brown sandstone chips in sample. weathered sandstone 
4.5 Very hard, auger refusal, quite moist. sandstone 
Driller: Direct Drilling Drill method: auger, tungsten prong Drill bit diam. (mm): 150 
Depth drilled (m): 4.5 Casing total length (m): 5.06 Casing above ground (m): 0.8 
Casing diam. (mm): 50 Casing type: PN12 PVC Casing installation: good 
Screen length (m): 2.00 Annulus seal: bentonite pellets Screen type: PVC 0.5mm slots 
Screen from (mBGL): 
2.26 
Screen gravel: graded sand 2–
4mm Method of fixing: PVC glue 
Screen to (mBGL): 4.26 Sample date: Construction type: monitoring bore 
SWL (mBGL): dry EC (mS/m): Yield (L/s):  
SWL date: 12/09/2012 pH: Airlifted (hrs): 
Material screened: Cockatoo Sands, weathered sandstone (~35:65) 
Notes: Steel headworks with concrete footing (to ~0.3mBGL). 
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Appendix C Suitability of groundwater for irrigation 
Table C1 Salinity classes of irrigation water from USDA (1954) 
Parameter 
Low 
salinity 
Medium 
salinity 
High 
salinity 
Very high 
salinity 
Extremely high 
salinity 
EC (mS/m) <25 75 225 550 >550 
Table C2 Trigger values for sodium and chloride in irrigation water for variously 
sensitive crops from ANZECC and ARMCANZ (2000) 
Parameter Sensitive 
Moderately 
sensitive 
Moderately 
tolerant Tolerant 
Not 
suitable 
Na (mg/L)  <115 230 460 800 >800 
Cl (mg/L) <175 350 700 1000 >1000 
Table C3 Trigger values for pH, based on corrosion and fouling potential of water 
delivery equipment, from ANZECC and ARMCANZ (2000) 
Parameter 
Lower (high 
corrosion potential) 
Upper (increased 
fouling potential) 
pH <5 >8.5 
Table C4 Trigger values for other elements in irrigation water as listed in ANZECC 
and ARMCANZ (2000). All units are mg/L 
Parameter Short-term trigger value  Long-term trigger value  
Al 20 5 
As 2 0.1 
Be 0.5 0.1 
B PS 0.5 
Cd 0.05 0.01 
Cr 1 0.1 
Co 0.1 0.05 
Cu 5 0.2 
F 2 1 
Fe 10 0.2 
Pb 5 2 
Li 2.5 2.5 
Li* 0.075 0.075 
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Parameter Short-term trigger value  Long-term trigger value  
Mn 10 0.2 
Hg 0.002 0.002 
Mo 0.05 0.01 
Ni 2 0.2 
TN 12–125 5 
TP 0.8–12 0.05 
Se 0.05 0.02 
U 0.1 0.01 
V 0.5 0.1 
Zn 5 2 
* Trigger values for lithium when irrigating citrus crops. 
Note: PS: plant specific 
 
Figure C1 The relationship between EC and SAR used to classify the sodicity hazard 
of the groundwater for irrigation use (source: USDA 1954) 
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Appendix D Groundwater hydrographs  
 
 
 
Figure D1 Groundwater response at sites 12CS01, 12CS02 and bore 12CS03PB 
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Figure D2 Groundwater response at sites 12CS04, 12CS05 and bore 12CS07D 
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Figure D3 Groundwater response at site 12CS08, bore 12CS09I and bore 12CS10S 
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Figure D4 Groundwater response at bore 12CS11S, site 12CS13 and bore 12CS14 
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Figure D5 Groundwater response in bores 12CS15S, 12CS16S and 12CS17S  
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Figure D6 Groundwater response in bores 12CS18S, 12CS19S and 12CS20S 
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Figure D7 Groundwater response in bores 12CS21S, 12CS22S and 12CS23S 
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Figure D8 Groundwater response in bores 12CS24S, 12CS25S and 12CS26S 
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Figure D9 Groundwater response in bores 12CS27S, 12CS28S and 12CS29S 
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Figure D10 Groundwater response in bores 12CS30S, 12CS31S and 12CS32S 
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Figure D11 Groundwater response in bores 12CS33S, 12CS34S and 12CS35S 
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Figure D12 Groundwater response in bores 12CS51S, 12CS52S and 12CS53S 
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Figure D13 Groundwater response in bores 12CS56S, 12CS57S and 12CS58S 
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Figure D14 Groundwater response in bores 12CS59S, 12CS60S and Gavins 
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Figure D15 Groundwater response in bores Gravel Pit, Gulgagulganeng Mill and 
Limestone Station 
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Cockatoo Sands hydrogeology 
 
 
 
Figure D16 Groundwater response in bores 8 Mile, Lyons and Wagon Bottletree 
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 Appendix E Summary statistics of groundwater physicochemical parameters  
Table E1 Summary statistics of groundwater physicochemical parameters for bores 12CS01D, 12CS01PB and 12CS02PBEast in the Victoria Highway area. All units are mg/L, unless otherwise 
stated 
Parameter n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile 
  12CS01D 12CS01PB 12CS02PBEast 
Acidity 6 83 10 10 0.72 15 5 6 100 12 11 0.74 15 6 5 80 6 8 0.71 10 2 
Alk. 6 100 9 8 0.29 9 7 6 100 10 9 0.36 14 8 5 100 202 220 0.25 225 197 
Al  6 100 0.017 0.016 0.54 0.023 0.012 6 100 0.080 0.041 1.29 0.053 0.029 5 100 0.049 0.050 0.51 0.062 0.028 
Sb  6 67 0.00015 0.00010 0.89 0.00020 0.00005 6 100 0.00045 0.00035 0.90 0.00050 0.00020 5 100 0.00046 0.00040 0.42 0.00048 0.00038 
As 6 17 0.0008 0.0005 0.82 0.0005 0.0005 6 0 0.0005 0.0005 0.00 0.0005 0.0005 5 80 0.0011 0.0010 0.50 0.0012 0.0009 
Ba  5 100 0.021 0.020 0.36 0.026 0.017 5 100 0.033 0.030 0.27 0.037 0.026 4 100 0.042 0.044 0.25 0.051 0.034 
Be  6 0 0.00005 0.00005 0.00 0.00005 0.00005 6 0 0.00005 0.00005 0.00 0.00005 0.00005 5 0 0.00005 0.00005 0.00 0.00005 0.00005 
HCO3 6 100 9 9 0.19 10 7 6 100 11 10 0.38 10 9 5 100 247 268 0.25 274 240 
Bi  6 0 0.00005 0.00005 0.00 0.00005 0.00005 6 0 0.00005 0.00005 0.00 0.00005 0.00005 5 0 0.00005 0.00005 0.00 0.00005 0.00005 
B  5 100 0.05 0.05 0.30 0.06 0.04 5 100 0.05 0.05 0.18 0.06 0.05 4 100 0.04 0.04 0.22 0.05 0.04 
Br 5 100 0.08 0.05 0.84 0.09 0.05 5 100 0.08 0.05 0.81 0.09 0.05 5 100 0.25 0.24 0.13 0.26 0.23 
Cd  6 0 0.00005 0.00005 0.00 0.00005 0.00005 6 0 0.00005 0.00005 0.00 0.00005 0.00005 5 0 0.00005 0.00005 0.00 0.00005 0.00005 
Ca  6 100 0.9 0.8 0.60 1.2 0.5 6 100 1.6 1.6 0.38 1.9 1.3 5 100 49.0 47.7 0.09 50.3 46.1 
CO3 6 0 0.5 0.5 0.00 0.5 0.5 6 0 0.5 0.5 0.00 0.5 0.5 5 20 2.0 0.5 1.68 2.0 0.5 
Cl 6 100 10.0 9.0 0.22 11.0 9.0 6 100 16.7 11.5 0.85 15.0 9.0 5 100 51.0 50.0 0.12 55.8 45.8 
Cr  6 0 0.00033 0.00025 0.39 0.00050 0.00025 6 0 0.00033 0.00025 0.39 0.00050 0.00025 5 20 0.00565 0.00025 2.11 0.00580 0.00025 
Co  6 83 0.00122 0.00095 0.90 0.00250 0.00020 6 50 0.00063 0.00020 1.51 0.00080 0.00005 5 60 0.00010 0.00010 0.61 0.00012 0.00005 
Cu  6 83 0.00205 0.00185 0.61 0.00340 0.00100 6 100 0.01328 0.01300 0.63 0.01800 0.00670 5 100 0.00050 0.00050 0.60 0.00080 0.00020 
EC (mS/m) 6 100 5.5 5.3 0.13 6.1 5.0 6 100 8.3 6.7 0.56 7.8 6.1 5 100 61.4 60.6 0.02 62.8 60.2 
F 6 67 0.052 0.050 0.54 0.060 0.025 6 50 0.041 0.038 0.46 0.050 0.025 5 100 0.234 0.270 0.35 0.272 0.226 
Ga 6 0 0.00005 0.00005 0.00 0.00005 0.00005 6 17 0.00008 0.00005 0.82 0.00005 0.00005 5 60 0.00012 0.00010 0.63 0.00020 0.00005 
Hard. 6 100 8 7 0.55 10 5 6 100 10 8 0.46 12 7 5 80 200 250 0.56 252 192 
OH 6 0 1 1 0.00 1 1 6 0 1 1 0.00 1 1 5 20 7 1 2.08 7 1 
Ion bal. 5 100 –3.7 –6.2 1.47 –2.5 –6.5 6 100 0.3 –2.0 27.70 2.6 –4.9 5 100 –1.5 –2.1 1.49 –0.3 –3.3 
Fe  6 83 0.2591 0.1110 1.36 0.4100 0.0200 5 80 0.0573 0.0210 1.60 0.0656 0.0133 5 100 0.0464 0.0260 0.78 0.0852 0.0202 
La  5 0 0.00250 0.00250 0.00 0.00250 0.00250 6 17 0.00212 0.00250 0.44 0.00250 0.00250 4 0 0.00250 0.00250 0.00 0.00250 0.00250 
Pb  6 100 0.0019 0.0014 0.98 0.0031 0.0004 6 100 0.0263 0.0023 1.44 0.0700 0.0017 5 100 0.0003 0.0003 0.26 0.0004 0.0003 
 
 Parameter n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile 
  12CS01D 12CS01PB 12CS02PBEast 
Li  5 60 0.0015 0.0010 0.60 0.0025 0.0009 5 60 0.0018 0.0015 0.36 0.0025 0.0013 4 100 0.0123 0.0125 0.14 0.0134 0.0112 
Mg  6 100 1.2 1.0 0.52 1.3 0.9 6 100 1.1 1.1 0.26 1.3 0.9 5 100 19.3 30.5 0.89 32.0 0.8 
Mn  6 100 0.160 0.105 0.98 0.330 0.028 6 100 0.029 0.018 1.02 0.035 0.011 4 100 0.113 0.130 0.70 0.154 0.079 
Hg  6 0 0.00005 0.00005 0.22 0.00005 0.00005 6 0 0.00005 0.00005 0.22 0.00005 0.00005 5 0 0.00005 0.00005 0.25 0.00005 0.00005 
Mo  6 0 0.001 0.001 0.00 0.001 0.001 6 0 0.001 0.001 0.00 0.001 0.001 5 60 0.003 0.002 1.38 0.004 0.001 
Ni  6 67 0.0013 0.0010 0.74 0.0020 0.0005 6 33 0.0015 0.0005 1.48 0.0010 0.0005 5 0 0.0005 0.0005 0.00 0.0005 0.0005 
NH4 N 6 50 0.033 0.013 1.39 0.040 0.005 6 67 0.040 0.010 1.45 0.060 0.005 5 60 0.036 0.010 1.13 0.074 0.005 
NO3 N 5 100 0.170 0.150 0.40 0.240 0.122 5 100 0.308 0.310 0.04 0.312 0.306 4 0 0.005 0.005 0.00 0.005 0.005 
NO2 N 5 0 0.005 0.005 0.00 0.005 0.005 5 20 0.006 0.005 0.37 0.006 0.005 4 0 0.005 0.005 0.00 0.005 0.005 
TN 6 100 0.67 0.63 0.64 1.00 0.31 6 100 0.61 0.50 0.74 1.10 0.32 5 100 0.28 0.07 1.15 0.60 0.04 
NOx N 6 100 0.147 0.140 0.61 0.240 0.100 6 83 0.263 0.315 0.48 0.320 0.300 5 0 0.005 0.005 0.00 0.005 0.005 
DO (%) 5 100 23.4 27.4 0.49 31.0 14.0 5 100 51.9 45.7 0.38 58.7 40.4 5 100 20.3 4.1 1.15 40.9 3.5 
ORP (mV) 4 100 315 320 0.34 394 238 4 100 324 321 0.47 446 201 3 100 172 93 0.80 236 92 
pH 7 100 6.20 6.00 0.06 6.58 6.00 7 100 6.34 6.20 0.06 6.40 6.10 5 100 7.94 7.90 0.01 8.00 7.90 
TP 6 100 0.081 0.043 1.18 0.080 0.030 6 100 0.023 0.020 0.44 0.028 0.020 4 75 0.020 0.020 0.73 0.032 0.008 
SRP 6 83 0.039 0.020 1.01 0.060 0.019 6 100 0.018 0.020 0.35 0.020 0.010 5 80 0.010 0.010 0.35 0.011 0.009 
K  6 100 2.0 1.9 0.21 1.9 1.7 6 100 1.9 2.0 0.12 2.0 1.7 5 100 10.5 10.3 0.08 10.9 9.9 
Se  6 17 0.0009 0.0005 1.11 0.0005 0.0005 6 17 0.0013 0.0005 1.47 0.0005 0.0005 5 20 0.0010 0.0005 1.12 0.0010 0.0005 
Si  6 100 7.7 8.2 0.19 8.3 7.9 6 100 8.4 8.4 0.04 8.6 8.0 5 100 8.3 9.0 0.35 10.2 7.3 
Ag 6 0 0.00005 0.00005 0.00 0.00005 0.00005 6 17 0.00009 0.00005 1.11 0.00005 0.00005 5 0 0.00005 0.00005 0.00 0.00005 0.00005 
Na  6 100 6.8 7.0 0.14 7.6 5.9 6 100 12.0 9.4 0.71 9.8 7.9 5 100 23.6 23.6 0.04 24.2 22.9 
SO4 S  6 100 0.3 0.3 0.60 0.4 0.2 6 100 0.6 0.6 0.52 0.8 0.4 5 100 24.3 24.9 0.10 26.5 21.9 
Temp. (°C) 5 100 32.4 32.5 0.01 32.6 32.4 5 100 32.2 32.1 0.02 32.5 31.8 5 100 32.9 33.0 0.02 33.2 32.4 
TDS Sum 6 100 28 28 0.14 30 25 6 100 42 33 0.53 41 31 5 100 308 320 0.11 322 306 
Tl 4 0 0.00005 0.00005 0.00 0.00005 0.00005 5 0 0.00005 0.00005 0.00 0.00005 0.00005 4 75 0.00019 0.00010 1.12 0.00026 0.00008 
Sn  4 25 0.00009 0.00005 0.86 0.00011 0.00005 4 25 0.00006 0.00005 0.40 0.00007 0.00005 4 0 0.00005 0.00005 0.00 0.00005 0.00005 
Ti 6 0 0.00063 0.00063 0.66 0.00100 0.00025 6 50 0.00633 0.00100 2.07 0.00210 0.00060 5 20 0.00235 0.00025 1.83 0.00280 0.00025 
U  6 67 0.00023 0.00025 0.74 0.00030 0.00005 6 17 0.00006 0.00005 0.35 0.00005 0.00005 5 80 0.00019 0.00020 0.47 0.00022 0.00017 
V 6 83 0.00245 0.00165 0.73 0.00250 0.00150 6 67 0.00177 0.00160 0.36 0.00250 0.00150 5 80 0.00136 0.00120 0.51 0.00162 0.00094 
Zn  5 100 0.021 0.014 0.82 0.024 0.012 5 100 0.052 0.019 1.40 0.060 0.015 4 75 0.008 0.007 0.67 0.011 0.005 
 
 Table E2 Summary statistics of groundwater physicochemical parameters for bore 12CS02PBWest, 12CS03PB and 12CS04D in the Victoria Highway area. All units are mg/L, unless otherwise 
stated 
Parameter n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile 
 
12CS02PB West 12CS03PB 12CS04D 
Acidity 6 83 6 6 0.42 8 5 6 100 11 11 0.50 13 6 6 100 7 7 0.26 9 5 
Alk. 6 100 50 34 0.84 34 32 6 100 8 7 0.47 8 6 6 100 4 4 0.54 4 3 
Al  6 100 0.021 0.022 0.32 0.025 0.015 6 100 0.022 0.024 0.25 0.025 0.018 6 100 0.040 0.023 0.87 0.066 0.017 
Sb  6 17 0.00006 0.00005 0.35 0.00005 0.00005 6 67 0.00012 0.00010 0.59 0.00020 0.00005 6 83 0.00028 0.00010 1.65 0.00010 0.00010 
As 6 0 0.0005 0.0005 0.00 0.0005 0.0005 6 0 0.0005 0.0005 0.00 0.0005 0.0005 6 0 0.0005 0.0005 0.00 0.0005 0.0005 
Ba  5 100 0.010 0.009 0.46 0.012 0.006 6 100 0.056 0.061 0.30 0.066 0.055 5 100 0.017 0.014 0.55 0.019 0.012 
Be  6 0 0.00005 0.00005 0.00 0.00005 0.00005 6 83 0.00011 0.00010 0.45 0.00010 0.00010 6 33 0.00007 0.00005 0.39 0.00010 0.00005 
HCO3 6 100 59 40 0.86 42 38 6 100 9 9 0.31 10 7 6 100 5 4 0.57 5 4 
Bi  6 0 0.00005 0.00005 0.00 0.00005 0.00005 6 0 0.00005 0.00005 0.00 0.00005 0.00005 6 0 0.00005 0.00005 0.00 0.00005 0.00005 
B  5 100 0.04 0.03 0.57 0.06 0.03 5 100 0.04 0.04 0.32 0.04 0.03 5 100 0.04 0.04 0.17 0.04 0.04 
Br 5 100 0.07 0.04 1.04 0.07 0.04 5 100 0.09 0.07 0.66 0.10 0.06 5 100 0.04 0.03 0.71 0.04 0.03 
Cd  6 17 0.00006 0.00005 0.35 0.00005 0.00005 6 0 0.00005 0.00005 0.00 0.00005 0.00005 6 0 0.00005 0.00005 0.00 0.00005 0.00005 
Ca  6 100 7.5 5.7 0.63 5.9 5.5 6 100 1.4 1.2 0.53 1.3 1.0 6 83 1.5 0.9 1.27 1.4 0.5 
CO3 6 17 0.8 0.5 0.82 0.5 0.5 6 0 0.5 0.5 0.00 0.5 0.5 6 0 0.5 0.5 0.00 0.5 0.5 
Cl 6 100 11.2 7.5 0.83 9.0 7.0 6 100 12.2 12.0 0.06 13.0 12.0 6 100 6.0 5.5 0.26 6.0 5.0 
Cr  6 33 0.00048 0.00050 0.42 0.00070 0.00025 6 0 0.00033 0.00025 0.39 0.00050 0.00025 6 0 0.00033 0.00025 0.39 0.00050 0.00025 
Co  6 83 0.00057 0.00020 1.67 0.00020 0.00020 6 83 0.00080 0.00035 1.10 0.00100 0.00030 6 50 0.00048 0.00010 2.04 0.00010 0.00005 
Cu  6 83 0.00088 0.00100 0.49 0.00130 0.00040 6 100 0.00565 0.00285 1.33 0.00300 0.00240 6 67 0.00274 0.00130 1.36 0.00330 0.00050 
EC (mS/m) 6 100 13.9 10.0 0.73 10.4 9.2 6 100 6.4 6.3 0.12 6.7 5.9 6 100 3.7 3.5 0.22 4.1 3.0 
F 6 100 0.100 0.095 0.15 0.100 0.090 6 17 0.029 0.025 0.35 0.025 0.025 6 0 0.025 0.025 0.00 0.025 0.025 
Ga 6 0 0.00005 0.00005 0.00 0.00005 0.00005 6 0 0.00005 0.00005 0.00 0.00005 0.00005 6 0 0.00005 0.00005 0.00 0.00005 0.00005 
Hard.. 6 100 48 31 0.84 40 30 6 100 9 7 0.57 8 6 6 100 7 5 0.85 8 3 
OH 6 0 1 1 0.00 1 1 6 0 1 1 0.00 1 1 6 0 1 1 0.00 1 1 
Ion bal. 6 100 –2.7 –2.6 1.14 0.0 –5.8 6 100 1.0 –0.2 7.87 7.5 –6.1 6 100 6.0 0.9 2.62 8.8 –4.5 
Fe  5 80 0.0085 0.0070 0.59 0.0126 0.0053 5 80 0.0357 0.0230 0.94 0.0712 0.0085 5 100 0.0184 0.0150 0.78 0.0266 0.0068 
La  5 0 0.00250 0.00250 0.00 0.00250 0.00250 5 0 0.00250 0.00250 0.00 0.00250 0.00250 5 0 0.00250 0.00250 0.00 0.00250 0.00250 
Pb  6 83 0.0004 0.0003 0.75 0.0005 0.0002 6 100 0.0038 0.0007 1.37 0.0099 0.0003 6 100 0.0024 0.0005 1.79 0.0019 0.0003 
Li  5 60 0.0014 0.0008 0.72 0.0025 0.0007 5 60 0.0022 0.0023 0.18 0.0025 0.0018 5 60 0.0018 0.0016 0.33 0.0025 0.0013 
 
 Parameter n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile 
 
12CS02PB West 12CS03PB 12CS04D 
Mg  6 100 11.5 4.0 1.08 20.6 3.9 6 100 1.6 1.0 0.73 1.8 1.0 6 100 0.8 0.8 0.48 1.1 0.4 
Mn  6 100 0.022 0.016 1.05 0.021 0.010 5 100 0.074 0.036 0.91 0.102 0.034 5 100 0.011 0.010 0.53 0.015 0.007 
Hg  6 0 0.00005 0.00005 0.22 0.00005 0.00005 6 0 0.00005 0.00005 0.22 0.00005 0.00005 6 0 0.00005 0.00005 0.22 0.00005 0.00005 
Mo  6 0 0.001 0.001 0.00 0.001 0.001 6 0 0.001 0.001 0.00 0.001 0.001 6 0 0.001 0.001 0.00 0.001 0.001 
Ni  6 33 0.0007 0.0005 0.39 0.0010 0.0005 6 50 0.0008 0.0008 0.37 0.0010 0.0005 6 0 0.0005 0.0005 0.00 0.0005 0.0005 
NH4 N 6 33 0.020 0.005 1.20 0.040 0.005 6 67 0.127 0.135 0.86 0.200 0.005 6 33 0.032 0.005 1.48 0.050 0.005 
NO3 N 5 100 0.208 0.230 0.38 0.246 0.198 5 100 0.246 0.230 0.14 0.268 0.220 5 100 0.214 0.220 0.13 0.226 0.202 
NO2 N 5 20 0.008 0.005 0.84 0.008 0.005 5 0 0.005 0.005 0.00 0.005 0.005 5 0 0.005 0.005 0.00 0.005 0.005 
TN 6 100 0.41 0.26 0.69 0.74 0.25 6 100 0.92 0.96 0.67 1.30 0.27 6 100 0.61 0.27 0.98 0.94 0.25 
NOx N 6 100 0.222 0.250 0.34 0.250 0.240 6 100 0.230 0.230 0.23 0.260 0.220 6 100 0.223 0.225 0.13 0.240 0.220 
DO (%) 4 100 45.3 51.5 0.65 67.2 25.9 5 100 52.8 45.8 0.39 72.6 35.1 5 100 65.6 67.2 0.38 86.1 44.2 
ORP (mV) 3 100 312 390 0.57 419 221 4 100 434 427 0.12 470 395 4 100 446 469 0.12 475 426 
pH 6 100 7.07 6.80 0.10 7.20 6.70 6 100 6.13 6.00 0.08 6.20 5.80 6 100 5.87 5.70 0.07 6.10 5.70 
TP 6 100 0.036 0.032 0.22 0.040 0.030 6 83 0.011 0.010 0.45 0.011 0.010 6 83 0.014 0.014 0.43 0.020 0.010 
SRP 6 100 0.033 0.033 0.23 0.040 0.030 6 50 0.007 0.007 0.35 0.010 0.005 6 67 0.012 0.011 0.57 0.020 0.005 
K  6 100 4.8 4.4 0.29 4.4 4.0 6 100 2.4 2.4 0.10 2.4 2.3 6 100 1.3 1.3 0.08 1.3 1.2 
Se  6 33 0.0008 0.0005 0.73 0.0010 0.0005 6 17 0.0006 0.0005 0.35 0.0005 0.0005 6 0 0.0005 0.0005 0.00 0.0005 0.0005 
Si  6 100 7.1 7.1 0.23 7.6 6.9 6 100 13.3 13.5 0.06 14.0 13.0 6 100 12.0 12.0 0.07 13.0 11.0 
Ag 6 17 0.00009 0.00005 1.11 0.00005 0.00005 6 17 0.00008 0.00005 0.82 0.00005 0.00005 6 17 0.00006 0.00005 0.35 0.00005 0.00005 
Na  6 100 7.2 4.8 0.84 4.9 4.6 6 100 8.4 8.4 0.22 9.5 6.4 6 100 5.8 4.1 0.53 7.9 3.8 
SO4 S  6 100 1.8 1.8 0.12 1.8 1.8 6 100 0.9 0.7 0.73 1.0 0.4 6 83 0.7 0.1 1.44 1.5 0.1 
Temp. (°C) 4 100 32.9 33.0 0.02 33.2 32.7 5 100 33.5 33.0 0.03 33.7 32.8 5 100 32.5 32.2 0.03 33.2 31.8 
TDS Sum 6 100 73 50 0.78 53 49 6 100 33 32 0.12 35 31 6 100 21 17 0.36 28 16 
Tl 5 40 0.00007 0.00005 0.39 0.00010 0.00005 5 0 0.00005 0.00005 0.00 0.00005 0.00005 5 0 0.00005 0.00005 0.00 0.00005 0.00005 
Sn  4 25 0.00006 0.00005 0.40 0.00007 0.00005 4 25 0.00006 0.00005 0.40 0.00007 0.00005 4 0 0.00005 0.00005 0.00 0.00005 0.00005 
Ti 6 17 0.00067 0.00075 0.56 0.00100 0.00025 6 0 0.00063 0.00063 0.66 0.00100 0.00025 6 0 0.00063 0.00063 0.66 0.00100 0.00025 
U  6 100 0.00020 0.00020 0.55 0.00020 0.00010 6 67 0.00012 0.00010 0.80 0.00010 0.00005 6 17 0.00006 0.00005 0.35 0.00005 0.00005 
V 6 67 0.00188 0.00190 0.31 0.00250 0.00150 6 67 0.00112 0.00060 0.98 0.00250 0.00030 6 67 0.00102 0.00030 1.13 0.00250 0.00030 
Zn  5 100 0.018 0.019 0.35 0.021 0.015 5 100 0.027 0.017 0.71 0.038 0.016 5 100 0.019 0.015 0.66 0.025 0.010 
 
 
 Table E3 Summary statistics of groundwater physicochemical parameters for bores 12CS05D, 12CS07D and 8 Mile in the Victoria Highway area. All units are mg/L, unless otherwise stated 
Parameter n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile 
 
12CS05D 12CS07D 8 Mile 
Acidity 6 100 12 13 0.53 17 7 6 100 10 7 0.81 9 5 5 100 20 16 0.50 26 13 
Alk. 6 100 5 4 0.90 4 3 6 100 7 8 0.11 8 7 5 100 57 33 1.00 66 28 
Al  6 100 0.077 0.033 1.00 0.150 0.025 6 100 0.019 0.020 0.35 0.023 0.014 4 100 0.055 0.049 0.63 0.077 0.030 
Sb  6 83 0.00028 0.00025 0.58 0.00040 0.00020 6 0 0.00005 0.00005 0.00 0.00005 0.00005 4 50 0.00165 0.00008 1.92 0.00262 0.00005 
As 6 0 0.0005 0.0005 0.00 0.0005 0.0005 6 0 0.0005 0.0005 0.00 0.0005 0.0005 4 25 0.0006 0.0005 0.40 0.0007 0.0005 
Ba  5 100 0.013 0.014 0.32 0.015 0.010 5 100 0.037 0.036 0.18 0.042 0.032 3 100 0.048 0.017 1.13 0.073 0.016 
Be  6 50 0.00011 0.00008 0.90 0.00010 0.00005 6 83 0.00011 0.00010 0.45 0.00010 0.00010 4 25 0.00006 0.00005 0.40 0.00007 0.00005 
HCO3 6 83 6 5 1.03 5 4 6 100 9 9 0.14 10 8 5 100 70 40 1.00 81 35 
Bi  6 0 0.00005 0.00005 0.00 0.00005 0.00005 6 0 0.00005 0.00005 0.00 0.00005 0.00005 4 0 0.00005 0.00005 0.00 0.00005 0.00005 
B  6 100 0.05 0.05 0.15 0.06 0.05 5 100 0.04 0.03 0.21 0.04 0.03 3 100 0.04 0.04 0.20 0.04 0.03 
Br 5 100 0.04 0.03 0.71 0.04 0.03 5 100 0.07 0.04 1.00 0.08 0.04 5 80 0.05 0.05 0.37 0.06 0.04 
Cd  6 0 0.00005 0.00005 0.00 0.00005 0.00005 6 0 0.00005 0.00005 0.00 0.00005 0.00005 4 25 0.00011 0.00005 1.11 0.00015 0.00005 
Ca  6 100 1.1 1.0 0.96 1.2 0.2 6 100 1.2 1.3 0.34 1.4 0.9 5 100 6.9 1.2 1.68 8.2 1.2 
CO3 6 0 0.5 0.5 0.00 0.5 0.5 6 0 0.5 0.5 0.00 0.5 0.5 5 0 0.5 0.5 0.00 0.5 0.5 
Cl 6 83 3.4 3.5 0.59 5.0 2.0 6 100 8.0 8.0 0.08 8.0 8.0 5 100 10.2 9.0 0.39 11.4 7.8 
Cr  6 0 0.00033 0.00025 0.39 0.00050 0.00025 6 0 0.00033 0.00025 0.39 0.00050 0.00025 4 0 0.00031 0.00025 0.40 0.00035 0.00025 
Co  6 67 0.00056 0.00015 1.72 0.00040 0.00010 6 83 0.00065 0.00030 1.40 0.00030 0.00030 4 100 0.00173 0.00205 0.62 0.00242 0.00116 
Cu  6 100 0.02047 0.00425 1.91 0.01000 0.00300 6 100 0.00258 0.00135 1.12 0.00300 0.00080 4 100 0.00500 0.00240 1.39 0.00864 0.00032 
EC (mS/m) 6 100 3.9 3.3 0.45 4.7 2.7 6 100 4.9 4.9 0.09 5.0 4.6 5 100 14.7 8.9 1.01 15.7 7.3 
F 6 0 0.025 0.025 0.00 0.025 0.025 6 0 0.025 0.025 0.00 0.025 0.025 4 100 0.075 0.060 0.40 0.084 0.060 
Ga 6 33 0.00010 0.00005 1.00 0.00010 0.00005 6 0 0.00005 0.00005 0.00 0.00005 0.00005 4 50 0.00010 0.00008 0.71 0.00014 0.00005 
Hard. 6 100 5 4 0.83 5 2 6 100 6 7 0.21 7 5 4 100 27 12 1.27 40 8 
OH 6 0 1 1 0.00 1 1 6 0 1 1 0.00 1 1 5 0 1 1 0.00 1 1 
Ion bal. 6 100 –2.8 –1.4 5.18 –0.1 –2.9 6 100 –0.8 –0.7 2.23 0.8 –2.1 5 100 –4.8 –0.9 5.03 6.2 –25.8 
Fe  5 100 0.0400 0.0200 0.97 0.0664 0.0110 5 80 0.0143 0.0110 1.01 0.0182 0.0053 4 100 16.7000 20.0000 0.67 24.2000 10.5200 
La  5 0 0.00250 0.00250 0.00 0.00250 0.00250 5 0 0.00250 0.00250 0.00 0.00250 0.00250 3 0 0.00250 0.00250 0.00 0.00250 0.00250 
Pb  6 100 0.0036 0.0014 1.19 0.0065 0.0006 6 100 0.0007 0.0003 1.65 0.0004 0.0002 4 100 0.0057 0.0007 1.81 0.0091 0.0002 
Li  5 60 0.0018 0.0015 0.36 0.0025 0.0013 5 60 0.0016 0.0010 0.55 0.0025 0.0010 3 67 0.0014 0.0008 0.72 0.0018 0.0008 
 
 Parameter n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile 
 
12CS05D 12CS07D 8 Mile 
Mg  6 83 0.4 0.4 0.81 0.5 0.2 6 100 0.7 0.7 0.16 0.8 0.7 5 100 1.5 1.4 0.31 1.7 1.2 
Mn  5 100 0.013 0.014 0.36 0.015 0.010 5 100 0.010 0.014 0.60 0.015 0.004 4 100 0.248 0.180 0.87 0.376 0.093 
Hg  6 0 0.00005 0.00005 0.22 0.00005 0.00005 6 0 0.00005 0.00005 0.22 0.00005 0.00005 4 0 0.00004 0.00005 0.29 0.00005 0.00004 
Mo  6 0 0.001 0.001 0.00 0.001 0.001 6 0 0.001 0.001 0.00 0.001 0.001 4 25 0.001 0.001 1.11 0.002 0.001 
Ni  6 33 0.0008 0.0005 0.73 0.0010 0.0005 6 0 0.0005 0.0005 0.00 0.0005 0.0005 4 100 0.0043 0.0040 0.52 0.0058 0.0026 
NH4 N 6 67 0.047 0.015 1.40 0.070 0.005 6 33 0.035 0.005 1.66 0.040 0.005 5 100 7.884 0.100 2.21 8.000 0.044 
NO3 N 5 100 0.082 0.090 0.20 0.092 0.068 5 100 0.306 0.300 0.09 0.324 0.294 5 0 0.005 0.005 0.00 0.005 0.005 
NO2 N 5 40 0.011 0.005 0.99 0.014 0.005 5 0 0.005 0.005 0.00 0.005 0.005 5 20 0.006 0.005 0.37 0.006 0.005 
TN 6 100 0.50 0.41 0.87 0.76 0.13 6 100 0.60 0.46 0.63 0.68 0.35 5 100 8.81 1.50 1.98 9.28 0.68 
NOx N 6 100 0.087 0.090 0.24 0.100 0.080 6 100 0.320 0.320 0.10 0.350 0.300 5 100 0.010 0.010 0.00 0.010 0.010 
DO (%) 4 100 93.0 96.1 0.52 130.2 57.0 5 100 57.0 62.7 0.23 65.7 48.9 4 100 1.8 1.7 0.64 2.5 1.1 
ORP (mV) 3 100 536 542 0.08 561 513 4 100 407 410 0.23 467 348 4 100 109 104 1.96 228 –12 
pH 6 100 5.80 5.55 0.10 5.70 5.50 6 100 6.02 5.95 0.04 6.20 5.90 5 100 6.82 6.60 0.11 7.06 6.42 
TP 6 100 0.020 0.019 0.56 0.023 0.010 6 17 0.005 0.005 0.45 0.005 0.005 5 100 0.215 0.033 1.61 0.308 0.026 
SRP 6 100 0.012 0.010 0.35 0.010 0.010 6 0 0.005 0.005 0.22 0.005 0.005 5 40 0.011 0.005 1.07 0.014 0.005 
K  6 83 0.5 0.4 1.00 0.7 0.2 6 100 2.9 2.8 0.08 3.1 2.8 5 100 5.3 4.0 0.70 6.2 3.0 
Se  6 0 0.0005 0.0005 0.00 0.0005 0.0005 6 0 0.0005 0.0005 0.00 0.0005 0.0005 4 25 0.0009 0.0005 0.86 0.0011 0.0005 
Si  6 100 17.2 17.0 0.17 18.0 16.0 6 100 7.5 7.4 0.04 7.7 7.4 4 100 4.7 5.6 0.49 6.1 3.6 
Ag 6 0 0.00005 0.00005 0.00 0.00005 0.00005 6 0 0.00005 0.00005 0.00 0.00005 0.00005 4 0 0.00005 0.00005 0.00 0.00005 0.00005 
Na  6 100 3.9 3.8 0.54 4.3 3.0 6 100 5.4 5.4 0.08 5.7 5.1 5 100 5.9 5.7 0.19 6.6 5.4 
SO4 S  6 100 0.6 0.6 0.57 0.9 0.4 6 100 0.4 0.4 0.24 0.4 0.3 5 80 0.4 0.5 0.80 0.6 0.1 
Temp. (°C) 5 100 32.7 32.8 0.02 33.2 32.1 5 100 32.9 32.9 0.02 33.2 32.6 5 100 30.4 29.5 0.06 31.8 29.2 
TDS Sum 6 100 14 15 0.52 17 10 6 100 26 26 0.08 27 24 5 100 70 68 0.60 84 41 
Tl 5 0 0.00005 0.00005 0.00 0.00005 0.00005 5 0 0.00005 0.00005 0.00 0.00005 0.00005 3 0 0.00005 0.00005 0.00 0.00005 0.00005 
Sn  4 50 0.00013 0.00013 0.69 0.00020 0.00005 4 0 0.00005 0.00005 0.00 0.00005 0.00005 3 67 0.00048 0.00040 0.99 0.00076 0.00019 
Ti 6 0 0.00063 0.00063 0.66 0.00100 0.00025 6 0 0.00063 0.00063 0.66 0.00100 0.00025 4 0 0.00044 0.00025 0.86 0.00055 0.00025 
U  6 33 0.00007 0.00005 0.39 0.00010 0.00005 6 33 0.00007 0.00005 0.39 0.00010 0.00005 4 50 0.00048 0.00008 1.72 0.00074 0.00005 
V 6 67 0.00117 0.00075 0.94 0.00250 0.00030 6 67 0.00140 0.00090 0.61 0.00250 0.00080 4 0 0.00066 0.00005 1.85 0.00103 0.00005 
Zn  6 100 0.037 0.036 0.67 0.040 0.017 6 100 0.038 0.020 1.35 0.027 0.010 4 100 0.712 0.820 0.78 1.140 0.327 
  
 
 Table E4 Summary statistics of groundwater physicochemical parameters for bores Gavins, Gulgagulganeng Mill and Gulgagulganeng Supply in the Victoria Highway area and bore 12CS08D in the 
Carlton Hill area. All units are mg/L, unless otherwise stated  
Parameter n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile n 
Proportion 
>LOR (%) Value n 
Proportion 
>LOR (%) Value n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile 
 
Gavins Gulgagulganeng Mill Gulgagulganeng Supply 12CS08D 
Acidity 5 100 19 18 0.48 26 11 1 100 3 1 100 6 6 100 25 24 0.38 34 15 
Alk. 5 100 22 24 0.24 25 21 1 100 7 1 100 3 6 100 429 426 0.05 441 418 
Al  5 100 0.022 0.023 0.19 0.024 0.020 1 100 0.016 1 100 0.022 6 100 0.020 0.020 0.23 0.023 0.016 
Sb  5 0 0.00005 0.00005 0.00 0.00005 0.00005 1 100 0.00040 1 0 0.00005 6 50 0.00016 0.00008 1.38 0.00010 0.00005 
As 4 0 0.0005 0.0005 0.00 0.0005 0.0005 1 0 0.0005 1 0 0.0005 6 100 0.0063 0.0040 0.65 0.0100 0.0040 
Ba  4 100 0.041 0.042 0.07 0.043 0.039 1 100 0.007 1 100 0.009 6 100 0.109 0.120 0.55 0.150 0.057 
Be  5 40 0.00016 0.00010 1.20 0.00018 0.00005 1 0 0.00005 1 0 0.00005 6 17 0.00011 0.00005 1.32 0.00005 0.00005 
HCO3 5 100 27 30 0.24 30 26 1 100 9 1 100 3 6 100 510 513 0.08 538 493 
Bi  5 0 0.00005 0.00005 0.00 0.00005 0.00005 1 0 0.00005 1 0 0.00005 6 0 0.00005 0.00005 0.00 0.00005 0.00005 
B  4 75 0.02 0.02 0.52 0.03 0.02 1 100 0.04 1 100 0.05 6 100 0.08 0.07 0.11 0.08 0.07 
Br 5 100 0.03 0.03 0.00 0.03 0.03 1 100 0.07 1 100 0.05 5 80 0.10 0.09 0.70 0.11 0.07 
Cd  5 0 0.00005 0.00005 0.00 0.00005 0.00005 1 0 0.00005 1 0 0.00005 6 0 0.00005 0.00005 0.00 0.00005 0.00005 
Ca  5 100 1.8 1.6 0.41 2.2 1.3 1 100 0.4 1 0 0.1 6 100 122.2 124.5 0.08 128.0 113.0 
CO3 5 0 0.5 0.5 0.00 0.5 0.5 1 0 0.5 1 0 0.5 6 0 0.5 0.5 0.00 0.5 0.5 
Cl 5 100 4.8 5.0 0.17 5.2 4.0 1 100 12.0 1 100 9.0 6 100 13.3 14.0 0.21 16.0 11.0 
Cr  5 0 0.00035 0.00025 0.39 0.00050 0.00025 1 0 0.00025 1 0 0.00025 6 0 0.00033 0.00025 0.39 0.00050 0.00025 
Co  5 100 0.00182 0.00090 1.29 0.00200 0.00078 1 100 0.00250 1 100 0.00040 6 83 0.00225 0.00175 0.61 0.00250 0.00140 
Cu  5 100 0.00168 0.00040 1.14 0.00308 0.00038 1 100 0.06100 1 100 0.11000 6 83 0.00053 0.00040 0.71 0.00100 0.00020 
EC (mS/m) 5 100 6.2 6.4 0.07 6.5 6.0 1 100 5.9 1 100 4.2 6 100 68.6 78.5 0.38 78.8 78.1 
F 5 0 0.025 0.025 0.00 0.025 0.025 1 0 0.025 1 0 0.025 6 100 0.110 0.125 0.33 0.130 0.110 
Ga 5 0 0.00005 0.00005 0.00 0.00005 0.00005 1 0 0.00005 1 0 0.00005 6 17 0.00008 0.00005 0.82 0.00005 0.00005 
Hard. 5 100 13 10 0.43 18 9 1 100 3 1 100 2 6 100 444 435 0.12 490 400 
OH 5 0 1 1 0.00 1 1 1 0 1 1 0 1 6 0 1 1 0.00 1 1 
Ion bal. 4 100 1.3 6.1 19.30 20.4 –15.9 1 100 –4.7 1 100 –3.9 5 100 1.1 2.8 2.53 3.0 –1.9 
Fe  5 100 7.4200 8.5000 0.43 9.0800 5.7000 1 100 0.0360 1 100 0.0340 5 100 1.2460 1.5000 0.49 1.7200 0.7500 
La  4 0 0.00250 0.00250 0.00 0.00250 0.00250 1 0 0.00250 1 0 0.00250 5 0 0.00250 0.00250 0.00 0.00250 0.00250 
Pb  5 80 0.0003 0.0001 1.03 0.0007 0.0001 1 100 0.0004 1 100 0.0007 6 83 0.0003 0.0002 0.90 0.0003 0.0001 
Li  4 50 0.0017 0.0018 0.52 0.0025 0.0010 1 100 0.0023 1 100 0.0009 5 60 0.0017 0.0013 0.43 0.0025 0.0012 
 
 Parameter n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile n 
Proportion 
>LOR (%) Value n 
Proportion 
>LOR (%) Value n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile 
 
Gavins Gulgagulganeng Mill Gulgagulganeng Supply 12CS08D 
Mg  5 100 13.9 3.1 1.87 14.6 1.5 1 100 0.4 1 100 0.4 6 100 25.8 28.6 0.49 32.7 27.1 
Mn  4 100 0.075 0.074 0.61 0.105 0.044 1 100 0.099 1 100 0.006 5 100 0.608 0.330 0.96 0.848 0.258 
Hg  5 20 0.00009 0.00005 1.31 0.00010 0.00003 1 0 0.00005 1 0 0.00005 6 0 0.00005 0.00005 0.22 0.00005 0.00005 
Mo  5 20 0.001 0.001 1.12 0.001 0.001 1 0 0.001 1 0 0.001 6 33 0.001 0.001 0.77 0.002 0.001 
Ni  5 80 0.0045 0.0040 0.87 0.0054 0.0025 1 100 0.0280 1 0 0.0005 6 67 0.0017 0.0015 0.80 0.0020 0.0005 
NH4 N 5 40 0.009 0.005 0.72 0.012 0.005 1 100 0.890 1 0 0.005 6 67 0.017 0.015 0.70 0.030 0.005 
NO3 N 5 100 0.128 0.130 0.14 0.142 0.110 1 100 0.010 1 100 0.360 5 80 0.043 0.030 0.83 0.074 0.017 
NO2 N 5 60 0.012 0.010 0.86 0.014 0.005 1 0 0.005 1 0 0.005 5 0 0.005 0.005 0.00 0.005 0.005 
TN 5 100 0.21 0.21 0.13 0.23 0.19 1 100 2.80 1 100 0.36 6 100 0.32 0.23 1.01 0.42 0.08 
NOx N 5 100 0.138 0.140 0.08 0.142 0.136 1 100 0.020 1 100 0.360 6 83 0.043 0.035 0.86 0.070 0.010 
DO (%) 4 100 33.9 22.6 0.88 46.9 16.4 0 n/a n/a 0 n/a n/a 6 100 15.0 9.3 0.94 28.1 4.7 
ORP (mV) 4 100 261 260 0.13 287 234 0 n/a n/a 0 n/a n/a 5 100 112 98 0.90 158 47 
pH 5 100 6.38 6.40 0.04 6.60 6.24 1 100 7.00 1 100 6.00 6 100 7.43 7.45 0.02 7.50 7.30 
TP 5 80 0.020 0.030 0.66 0.030 0.006 1 100 0.050 1 0 0.005 6 100 4.475 3.200 1.09 6.900 0.330 
SRP 5 20 0.005 0.005 0.00 0.005 0.005 1 0 0.005 1 0 0.005 6 100 3.608 2.350 1.26 4.900 0.030 
K  5 100 3.0 2.8 0.14 3.1 2.8 1 100 2.4 1 100 1.7 6 100 3.2 3.2 0.13 3.4 2.8 
Se  5 0 0.0005 0.0005 0.00 0.0005 0.0005 1 0 0.0005 1 100 0.0020 6 0 0.0005 0.0005 0.00 0.0005 0.0005 
Si  5 100 7.9 7.4 0.11 8.8 7.3 1 100 5.6 1 100 8.8 6 100 12.8 12.5 0.11 14.0 12.0 
Ag 5 20 0.00006 0.00005 0.37 0.00006 0.00005 1 0 0.00005 1 0 0.00005 6 0 0.00005 0.00005 0.00 0.00005 0.00005 
Na  5 100 7.0 2.9 0.88 12.3 2.6 1 100 7.1 1 100 6.0 6 100 14.6 9.7 0.86 11.0 8.9 
SO4 S  4 100 2.8 0.5 1.69 4.3 0.4 1 100 0.3 1 100 0.2 6 100 3.0 2.8 0.19 3.4 2.7 
Temp. (°C) 5 100 33.2 33.3 0.02 33.4 33.0 1 100 29.8 0 n/a n/a 6 100 31.5 31.2 0.03 32.5 31.1 
TDS Sum 5 100 38 39 0.22 44 30 1 100 29 1 100 22 6 100 445 445 0.05 450 430 
Tl 4 0 0.00010 0.00005 1.00 0.00013 0.00005 1 0 0.00005 1 0 0.00005 4 0 0.00005 0.00005 0.00 0.00005 0.00005 
Sn  4 0 0.00005 0.00005 0.00 0.00005 0.00005 1 100 0.00030 1 100 0.00010 4 50 0.00008 0.00008 0.38 0.00010 0.00005 
Ti 5 0 0.00040 0.00025 0.84 0.00040 0.00025 1 0 0.00025 1 0 0.00025 6 0 0.00063 0.00063 0.66 0.00100 0.00025 
U  5 20 0.00008 0.00005 0.84 0.00008 0.00005 1 100 0.00010 1 0 0.00005 6 100 0.00050 0.00050 0.40 0.00070 0.00040 
V 5 0 0.00054 0.00005 2.03 0.00054 0.00005 1 100 0.00110 1 100 0.00010 6 83 0.00303 0.00100 1.63 0.00250 0.00040 
Zn  5 100 0.490 0.280 0.98 0.700 0.190 1 100 0.210 1 100 0.043 5 100 0.012 0.011 0.41 0.013 0.009 
  
 
 Table E5 Summary statistics of groundwater physicochemical parameters for bores12CS08PB, 12CS09D and Gravel Pit in the Carlton Hill area. All units are mg/L, unless otherwise stated 
Parameter n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile 
  12CS08PB 12CS09D Gravel Pit 
Acidity 6 100 15 15 0.31 20 11 6 100 14 12 0.54 21 7 5 100 18 18 0.21 20 17 
Alk. 6 100 364 394 0.20 415 305 6 100 33 21 0.81 48 15 5 100 659 650 0.05 671 642 
Al  6 100 0.014 0.013 0.30 0.018 0.011 6 100 0.213 0.059 1.25 0.530 0.026 5 80 0.026 0.018 1.14 0.031 0.010 
Sb  6 50 0.00013 0.00008 0.83 0.00020 0.00005 6 50 0.00008 0.00008 0.37 0.00010 0.00005 5 40 0.00015 0.00005 1.03 0.00024 0.00005 
As 6 0 0.0005 0.0005 0.00 0.0005 0.0005 6 67 0.0020 0.0015 0.88 0.0030 0.0005 4 100 0.0023 0.0020 0.22 0.0024 0.0020 
Ba  6 100 0.075 0.062 0.32 0.100 0.059 6 100 0.239 0.170 0.73 0.420 0.097 5 100 0.070 0.070 0.11 0.073 0.066 
Be  6 0 0.00005 0.00005 0.00 0.00005 0.00005 6 33 0.00008 0.00005 0.73 0.00010 0.00005 5 20 0.00006 0.00005 0.37 0.00006 0.00005 
HCO3 6 100 431 450 0.20 503 371 6 100 39 26 0.81 44 19 5 100 803 793 0.05 818 783 
Bi  6 0 0.00005 0.00005 0.00 0.00005 0.00005 6 0 0.00005 0.00005 0.00 0.00005 0.00005 5 0 0.00005 0.00005 0.00 0.00005 0.00005 
B  6 100 0.07 0.08 0.15 0.08 0.07 5 100 0.05 0.05 0.56 0.06 0.03 5 100 0.40 0.43 0.19 0.44 0.38 
Br 5 80 0.09 0.08 0.77 0.11 0.06 5 100 0.11 0.08 0.47 0.13 0.08 5 100 0.77 0.78 0.09 0.81 0.74 
Cd  6 0 0.00005 0.00005 0.00 0.00005 0.00005 6 17 0.00008 0.00005 0.82 0.00005 0.00005 5 40 0.00015 0.00005 1.31 0.00018 0.00005 
Ca  6 100 94.9 105.5 0.28 110.0 80.3 6 100 5.3 3.5 0.86 8.2 2.1 5 100 52.6 52.4 0.06 55.5 50.0 
CO3 6 0 0.5 0.5 0.00 0.5 0.5 6 0 0.5 0.5 0.00 0.5 0.5 5 0 0.5 0.5 0.00 0.5 0.5 
Cl 6 100 11.8 12.0 0.10 13.0 11.0 6 100 20.5 19.0 0.21 21.0 18.0 5 100 174.8 176.0 0.08 187.2 161.8 
Cr  6 17 0.00058 0.00025 1.20 0.00050 0.00025 6 33 0.00048 0.00050 0.49 0.00050 0.00025 5 0 0.00035 0.00025 0.39 0.00050 0.00025 
Co  6 50 0.00063 0.00030 1.48 0.00060 0.00005 6 83 0.00680 0.00505 0.68 0.01200 0.00320 5 40 0.00060 0.00010 1.78 0.00074 0.00005 
Cu  6 83 0.00288 0.00085 1.25 0.00720 0.00040 6 100 0.00355 0.00265 0.90 0.00680 0.00070 5 100 0.00164 0.00100 0.97 0.00238 0.00056 
EC (mS/m) 6 100 68.5 75.1 0.19 76.9 59.4 6 100 13.3 11.3 0.29 17.2 10.5 5 100 182.4 182.0 0.01 184.4 180.6 
F 6 100 0.143 0.150 0.26 0.160 0.150 6 100 0.100 0.065 0.75 0.100 0.060 5 100 0.834 0.830 0.03 0.852 0.824 
Ga 6 0 0.00005 0.00005 0.00 0.00005 0.00005 6 83 0.00014 0.00010 0.65 0.00020 0.00010 5 0 0.00005 0.00005 0.00 0.00005 0.00005 
Hard. 6 100 373 390 0.24 400 310 6 100 32 22 0.63 57 17 5 100 366 360 0.06 390 348 
OH 6 0 1 1 0.00 1 1 6 0 1 1 0.00 1 1 5 0 1 1 0.00 1 1 
Ion bal. 6 100 –0.1 0.8 43.65 3.2 –4.0 5 100 –2.7 –2.4 0.67 –1.2 –4.3 4 100 –2.8 –2.8 0.81 –0.9 –4.6 
Fe  5 80 0.0101 0.0090 0.65 0.0150 0.0053 5 100 0.5800 0.5600 0.51 0.7280 0.4420 5 100 0.0700 0.0620 0.73 0.0948 0.0360 
La  5 0 0.00250 0.00250 0.00 0.00250 0.00250 6 17 0.00212 0.00250 0.44 0.00250 0.00250 4 0 0.00250 0.00250 0.00 0.00250 0.00250 
Pb  6 100 0.0039 0.0004 1.95 0.0030 0.0002 6 100 0.0014 0.0008 1.19 0.0012 0.0005 5 80 0.0004 0.0005 0.71 0.0006 0.0002 
Li  5 60 0.0018 0.0013 0.37 0.0025 0.0013 5 100 0.0088 0.0091 0.19 0.0100 0.0082 4 100 0.0283 0.0300 0.21 0.0324 0.0248 
 
 Parameter n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile 
  12CS08PB 12CS09D Gravel Pit 
Mg  6 100 30.2 30.1 0.09 30.5 29.0 6 100 8.7 4.7 1.27 5.9 3.2 5 100 52.9 54.0 0.12 55.9 50.8 
Mn  6 100 0.142 0.060 1.70 0.096 0.005 5 100 0.902 0.550 0.84 1.380 0.360 4 100 0.009 0.009 0.47 0.011 0.006 
Hg  6 0 0.00005 0.00005 0.22 0.00005 0.00005 6 0 0.00005 0.00005 0.22 0.00005 0.00005 5 20 0.00009 0.00005 1.31 0.00010 0.00003 
Mo  6 17 0.001 0.001 1.11 0.001 0.001 6 0 0.001 0.001 0.00 0.001 0.001 5 80 0.002 0.002 0.47 0.002 0.002 
Ni  6 33 0.0010 0.0005 1.00 0.0010 0.0005 6 100 0.0043 0.0040 0.35 0.0050 0.0030 5 20 0.0018 0.0005 1.61 0.0018 0.0005 
NH4 N 6 17 0.013 0.005 1.47 0.005 0.005 6 100 0.025 0.025 0.61 0.030 0.010 5 20 0.024 0.005 1.77 0.024 0.005 
NO3 N 5 100 0.132 0.130 0.25 0.162 0.106 5 80 0.079 0.080 0.69 0.124 0.041 5 100 0.470 0.410 0.20 0.552 0.400 
NO2 N 5 0 0.005 0.005 0.00 0.005 0.005 5 20 0.016 0.005 1.54 0.016 0.005 5 0 0.005 0.005 0.00 0.005 0.005 
TN 6 100 0.30 0.21 0.94 0.23 0.19 6 100 0.93 0.87 0.74 1.00 0.47 5 100 0.55 0.51 0.23 0.65 0.44 
NOx N 6 100 0.133 0.130 0.28 0.170 0.100 6 83 0.089 0.095 0.66 0.140 0.050 5 100 0.474 0.410 0.20 0.560 0.408 
DO (%) 5 100 31.7 26.5 0.41 38.1 24.0 5 100 38.9 36.6 0.20 47.0 33.0 5 100 41.3 36.6 0.68 62.4 18.7 
ORP (mV) 4 100 296 301 0.38 379 214 4 100 291 299 0.47 404 181 5 100 224 244 0.30 261 168 
pH 6 100 7.55 7.50 0.02 7.70 7.40 6 100 6.50 6.45 0.03 6.60 6.40 5 100 7.60 7.70 0.02 7.70 7.48 
TP 6 67 0.066 0.022 1.84 0.030 0.005 6 100 0.182 0.065 1.50 0.150 0.040 5 80 0.016 0.013 0.62 0.022 0.009 
SRP 6 67 0.036 0.010 1.82 0.017 0.005 6 67 0.013 0.010 0.72 0.020 0.005 5 40 0.007 0.005 0.37 0.009 0.005 
K  6 100 3.6 3.5 0.19 3.6 3.1 6 100 5.0 5.0 0.17 5.5 4.8 5 100 9.8 9.8 0.03 10.0 9.6 
Se  6 17 0.0013 0.0005 1.47 0.0005 0.0005 6 17 0.0011 0.0005 1.32 0.0005 0.0005 5 80 0.0011 0.0010 0.50 0.0012 0.0009 
Si  6 100 13.8 12.5 0.29 13.0 12.0 6 100 9.6 8.4 0.25 11.0 8.0 5 100 13.8 14.0 0.06 14.2 13.0 
Ag 6 0 0.00005 0.00005 0.00 0.00005 0.00005 6 0 0.00005 0.00005 0.00 0.00005 0.00005 5 0 0.00005 0.00005 0.00 0.00005 0.00005 
Na  6 100 8.8 8.5 0.14 9.1 8.0 6 100 13.9 10.1 0.50 16.2 10.0 5 100 267.0 269.0 0.03 271.6 260.2 
SO4 S  6 100 6.6 3.3 1.10 5.7 3.2 6 100 4.6 3.4 0.52 7.3 2.8 4 100 76.6 76.5 0.02 77.5 75.5 
Temp. (°C) 6 100 31.6 31.2 0.03 32.2 31.0 5 100 30.9 31.1 0.04 31.8 30.0 5 100 32.4 32.3 0.01 32.8 32.1 
TDS Sum 6 100 382 405 0.14 420 340 6 100 75 57 0.47 94 52 5 100 1038 1000 0.05 1100 998 
Tl 5 0 0.00005 0.00005 0.00 0.00005 0.00005 4 75 0.00031 0.00025 0.89 0.00046 0.00014 4 0 0.00005 0.00005 0.00 0.00005 0.00005 
Sn  4 25 0.00006 0.00005 0.40 0.00007 0.00005 4 25 0.00014 0.00005 1.27 0.00019 0.00005 4 25 0.00006 0.00005 0.40 0.00007 0.00005 
Ti 6 0 0.00063 0.00063 0.66 0.00100 0.00025 6 50 0.00396 0.00235 1.03 0.00780 0.00100 5 20 0.00045 0.00025 0.72 0.00060 0.00025 
U  6 100 0.00065 0.00070 0.13 0.00070 0.00060 6 50 0.00013 0.00008 0.83 0.00020 0.00005 5 100 0.01330 0.01400 0.19 0.01520 0.01150 
V 6 83 0.00250 0.00180 0.71 0.00250 0.00150 6 67 0.00220 0.00225 0.15 0.00250 0.00200 5 100 0.01960 0.01900 0.35 0.02620 0.01420 
Zn  6 100 0.079 0.019 1.82 0.044 0.011 6 100 0.065 0.021 1.31 0.085 0.017 5 100 0.313 0.096 1.59 0.368 0.054 
 
 Table E6 Summary statistics of groundwater physicochemical parameters for bores Limestone Station, Garrys spring, Lyons, Ningbing Road spring and Wagon Bottletree in the Carlton Hill area. All 
units are mg/L, unless otherwise stated 
Parameter n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile n 
Proportion 
>LOR (%) Value n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile n 
Proportion 
>LOR (%) Concentration 
 
Limestone Station Garrys spring Lyons Ningbing Road spring Wagon Bottletree 
Acidity 5 100 19 18 0.38 21 16 2 50 2 5 100 13 15 0.63 18 6 7 71 4 3 0.74 7 1 1 100 24 
Alk. 5 100 400 399 0.03 405 393 2 100 515 5 100 16 15 0.54 23 11 8 100 319 322 0.06 333 309 1 100 462 
Al  5 80 0.022 0.016 0.87 0.036 0.008 2 50 0.018 5 100 0.027 0.025 0.58 0.032 0.016 8 100 0.043 0.032 0.77 0.071 0.017 1 100 0.033 
Sb  5 20 0.00006 0.00005 0.37 0.00006 0.00005 2 0 0.00005 5 20 0.00008 0.00005 0.84 0.00008 0.00005 8 25 0.00006 0.00005 0.37 0.00008 0.00005 1 100 0.00010 
As 4 0 0.0005 0.0005 0.00 0.0005 0.0005 2 100 0.0015 4 0 0.0005 0.0005 0.00 0.0005 0.0005 8 38 0.0011 0.0005 0.89 0.0016 0.0005 1 0 0.0005 
Ba  5 100 0.107 0.110 0.05 0.110 0.107 2 100 0.270 4 100 0.041 0.042 0.28 0.048 0.034 8 100 0.368 0.350 0.15 0.426 0.322 1 100 0.096 
Be  5 0 0.00014 0.00005 1.44 0.00014 0.00005 2 0 0.00005 5 60 0.00019 0.00010 0.96 0.00026 0.00009 8 0 0.00005 0.00005 0.00 0.00005 0.00005 1 0 0.00005 
HCO3 5 100 487 486 0.03 494 479 2 100 597 5 100 20 18 0.55 28 12 8 100 384 389 0.07 406 365 1 100 563 
Bi  5 0 0.00005 0.00005 0.00 0.00005 0.00005 2 0 0.00005 5 0 0.00005 0.00005 0.00 0.00005 0.00005 8 0 0.00005 0.00005 0.00 0.00005 0.00005 1 0 0.00005 
B  4 100 0.09 0.09 0.09 0.09 0.09 2 100 0.30 4 100 0.05 0.06 0.18 0.06 0.05 7 100 0.10 0.10 0.38 0.13 0.06 1 100 0.09 
Br 5 100 0.10 0.10 0.06 0.10 0.09 0 n/a n/a 5 100 0.05 0.05 0.25 0.06 0.04 3 100 0.12 0.08 0.62 0.15 0.07 1 100 0.16 
Cd  5 20 0.00006 0.00005 0.37 0.00006 0.00005 2 0 0.00005 5 0 0.00005 0.00005 0.00 0.00005 0.00005 8 0 0.00005 0.00005 0.00 0.00005 0.00005 1 0 0.00005 
Ca  5 100 91.1 90.3 0.05 94.9 87.8 2 100 50.5 5 100 1.7 1.5 0.34 2.1 1.3 8 100 55.7 55.1 0.09 60.8 51.6 1 100 38.9 
CO3 5 0 0.5 0.5 0.00 0.5 0.5 1 0 0.5 5 0 0.5 0.5 0.00 0.5 0.5 8 13 2.3 0.5 2.22 0.5 0.5 1 0 0.5 
Cl 5 100 20.2 20.0 0.04 21.0 19.8 2 100 218.5 4 100 9.0 9.5 0.33 10.8 7.4 8 100 31.3 18.5 0.92 34.8 17.4 1 100 29.0 
Cr  5 0 0.00035 0.00025 0.39 0.00050 0.00025 2 0 0.00038 5 0 0.00035 0.00025 0.39 0.00050 0.00025 8 13 0.00041 0.00050 0.32 0.00050 0.00025 1 0 0.00025 
Co  5 0 0.00054 0.00005 2.03 0.00054 0.00005 2 50 0.00140 5 80 0.00114 0.00100 0.69 0.00130 0.00060 8 50 0.00103 0.00025 1.18 0.00250 0.00010 1 100 0.00050 
Cu  5 100 0.00094 0.00110 0.75 0.00134 0.00028 2 50 0.00090 5 100 0.00274 0.00320 0.71 0.00452 0.00082 8 88 0.00149 0.00140 0.45 0.00202 0.00094 1 100 0.00140 
EC 
(mS/m) 5 100 77.7 77.7 0.01 78.3 77.0 2 100 173.5 5 100 6.6 7.4 0.32 7.8 5.1 8 100 67.4 63.0 0.18 71.4 59.5 1 100 97.5 
F 5 100 0.206 0.210 0.06 0.212 0.198 2 100 1.100 5 60 0.042 0.050 0.38 0.052 0.025 8 100 0.441 0.445 0.16 0.506 0.384 1 100 0.150 
Ga 5 0 0.00005 0.00005 0.00 0.00005 0.00005 2 0 0.00005 5 0 0.00005 0.00005 0.00 0.00005 0.00005 8 13 0.00007 0.00005 0.77 0.00005 0.00005 1 0 0.00005 
Hard. 5 100 406 410 0.03 412 398 2 100 641 5 100 15 14 0.28 18 12 8 100 304 310 0.09 316 284 1 100 180 
OH 5 0 1 1 0.00 1 1 2 0 1 5 0 1 1 0.00 1 1 8 0 1 1 0.00 1 1 1 0 1 
Ion bal. 5 100 0.6 0.5 3.34 1.4 –0.6 1 100 0.4 5 100 4.7 7.2 3.19 15.6 –5.4 5 100 –1.4 –1.9 –1.20 0.0 –2.6 1 100 –1.6 
Fe  5 100 0.0378 0.0370 0.61 0.0572 0.0182 2 100 0.0525 5 100 3.7060 4.2000 0.83 6.1800 0.7120 8 100 0.0489 0.0500 0.40 0.0656 0.0326 1 100 1.3000 
La  4 0 0.00250 0.00250 0.00 0.00250 0.00250 2 50 0.00130 4 0 0.00250 0.00250 0.00 0.00250 0.00250 7 14 0.00216 0.00250 0.42 0.00250 0.00250 1 0 0.00250 
Pb  5 80 0.0009 0.0008 0.86 0.0013 0.0003 2 50 0.0008 5 100 0.0006 0.0005 0.80 0.0007 0.0002 8 88 0.0003 0.0003 0.75 0.0004 0.0001 1 100 0.0002 
Li  4 50 0.0024 0.0025 0.04 0.0025 0.0024 2 100 0.0380 4 50 0.0029 0.0026 0.22 0.0031 0.0025 7 43 0.0030 0.0025 0.33 0.0029 0.0025 1 100 0.0040 
 
 Parameter n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile n 
Proportion 
>LOR (%) Value n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile n 
Proportion 
>LOR (%) Mean Median COV 
80th 
percentile 
20th 
percentile n 
Proportion 
>LOR (%) Concentration 
 
Limestone Station Garrys spring Lyons Ningbing Road spring Wagon Bottletree 
Mg  5 100 34.4 41.6 0.55 43.8 33.2 2 100 118.0 5 100 2.3 2.6 0.43 3.1 1.4 8 88 29.4 38.0 0.58 39.5 16.2 1 100 20.5 
Mn  5 100 0.035 0.004 2.01 0.036 0.003 2 100 0.066 5 100 0.130 0.120 1.02 0.196 0.017 8 88 0.078 0.008 1.89 0.104 0.004 1 100 0.096 
Hg  5 20 0.00007 0.00005 1.05 0.00008 0.00003 2 0 0.00004 5 20 0.00016 0.00005 1.61 0.00016 0.00005 8 0 0.00004 0.00005 0.32 0.00005 0.00003 1 0 0.00005 
Mo  5 0 0.001 0.001 0.00 0.001 0.001 2 100 0.001 5 0 0.001 0.001 0.00 0.001 0.001 8 13 0.001 0.001 0.77 0.001 0.001 1 100 0.002 
Ni  5 0 0.0005 0.0005 0.00 0.0005 0.0005 2 0 0.0005 5 60 0.0014 0.0020 0.59 0.0020 0.0005 8 25 0.0009 0.0005 0.79 0.0014 0.0005 1 0 0.0005 
NH4 N 5 0 0.005 0.005 0.00 0.005 0.005 2 0 0.005 5 80 0.043 0.020 1.40 0.046 0.017 8 50 0.073 0.008 2.50 0.016 0.005 1 100 65.000 
NO3 N 5 100 0.028 0.020 0.47 0.034 0.020 2 0 0.005 5 100 0.670 0.620 0.42 0.828 0.492 7 0 0.005 0.005 0.00 0.005 0.005 1 100 0.020 
NO2 N 5 0 0.005 0.005 0.00 0.005 0.005 2 0 0.005 5 60 0.014 0.010 0.77 0.022 0.005 8 13 0.007 0.005 0.77 0.005 0.005 1 0 0.005 
TN 5 100 0.10 0.07 0.54 0.14 0.07 2 100 0.29 5 100 0.78 0.64 0.49 0.98 0.55 8 100 0.86 0.46 0.97 1.48 0.30 1 100 66.00 
NOx N 5 100 0.032 0.030 0.51 0.036 0.020 2 0 0.005 5 100 0.680 0.640 0.42 0.836 0.508 7 14 0.009 0.005 1.10 0.005 0.005 1 100 0.030 
DO (%) 4 100 45.8 46.4 0.37 60.0 31.9 2 100 146.0 5 100 57.7 49.0 0.31 67.0 46.3 6 100 86.3 77.7 0.66 138.0 29.3 1 100 3.1 
ORP (mV) 4 100 242 232 0.19 264 216 2 100 288 5 100 252 208 0.30 329 195 6 100 270 274 0.20 308 236 1 100 21 
pH 5 100 7.52 7.50 0.02 7.62 7.40 2 100 8.00 5 100 6.30 6.20 0.05 6.48 6.08 8 100 8.09 8.05 0.03 8.16 8.00 1 100 7.80 
TP 5 60 0.012 0.011 0.62 0.020 0.005 2 100 0.025 5 80 0.013 0.010 0.55 0.020 0.007 8 75 0.034 0.025 1.01 0.054 0.007 1 100 0.340 
SRP 5 40 0.007 0.005 0.37 0.009 0.005 1 100 0.020 5 0 0.005 0.005 0.25 0.005 0.005 8 25 0.007 0.005 0.51 0.008 0.005 1 0 0.005 
K  5 100 3.2 3.2 0.03 3.3 3.1 2 100 62.9 5 100 1.5 1.7 0.44 1.9 0.9 8 100 12.7 8.2 0.80 16.6 7.0 1 100 17.8 
Se  5 20 0.0014 0.0005 1.44 0.0014 0.0005 2 0 0.0005 5 20 0.0006 0.0005 0.37 0.0006 0.0005 8 13 0.0006 0.0005 0.31 0.0005 0.0005 1 100 0.0030 
Si  5 100 18.2 18.0 0.05 19.0 17.8 2 100 40.5 5 100 8.8 8.6 0.10 9.4 8.2 8 100 14.4 14.5 0.21 16.2 13.0 1 100 13.0 
Ag 5 0 0.00005 0.00005 0.00 0.00005 0.00005 2 0 0.00005 5 0 0.00005 0.00005 0.00 0.00005 0.00005 8 25 0.00011 0.00005 1.13 0.00014 0.00005 1 0 0.00005 
Na  5 100 16.4 15.4 0.18 19.1 14.1 2 100 98.8 5 100 8.2 6.6 0.56 11.0 5.3 8 100 22.8 17.9 0.55 25.8 14.9 1 100 21.8 
SO4 S  4 100 7.4 7.4 0.11 8.0 6.9 1 100 93.7 4 100 1.1 0.6 1.03 1.5 0.5 8 100 10.8 9.6 0.49 11.8 8.2 1 100 6.4 
Temp. 
(°C) 5 100 32.0 31.5 0.04 32.2 31.3 2 100 30.2 5 100 31.4 31.5 0.01 31.6 31.3 6 100 28.0 28.9 0.19 32.6 22.7 1 100 32.1 
TDS Sum 5 100 422 420 0.02 430 418 2 100 505 5 100 39 38 0.33 49 34 7 100 343 350 0.08 366 322 1 100 480 
Tl 4 25 0.00016 0.00005 1.38 0.00023 0.00005 1 0 0.00005 4 25 0.00006 0.00005 0.40 0.00007 0.00005 6 17 0.00008 0.00005 0.82 0.00005 0.00005 1 100 0.00010 
Sn  4 25 0.00006 0.00005 0.40 0.00007 0.00005 1 0 0.00005 4 0 0.00005 0.00005 0.00 0.00005 0.00005 5 20 0.00006 0.00005 0.37 0.00006 0.00005 1 100 0.00010 
Ti 5 20 0.00073 0.00025 1.00 0.00118 0.00025 2 50 0.00085 5 0 0.00040 0.00025 0.84 0.00040 0.00025 8 75 0.00488 0.00120 1.78 0.00426 0.00100 1 0 0.00025 
U  5 100 0.00076 0.00080 0.42 0.00102 0.00054 2 100 0.00705 5 60 0.00020 0.00010 0.98 0.00034 0.00005 8 100 0.00035 0.00035 0.34 0.00046 0.00024 1 100 0.00010 
V 5 80 0.00328 0.00300 0.32 0.00358 0.00258 2 100 0.02350 5 40 0.00066 0.00020 1.58 0.00090 0.00005 8 63 0.00295 0.00250 0.74 0.00322 0.00178 1 0 0.00005 
Zn  4 100 0.040 0.032 0.68 0.054 0.023 2 100 0.045 4 100 0.076 0.063 0.58 0.097 0.049 7 86 0.030 0.025 1.23 0.029 0.006 1 100 0.012 
 
 
Cockatoo Sands hydrogeology 
Appendix F Chemical analysis of rainfall 
Table F1 Chemical analysis results from monthly rainfall collected during the 2012/13 
wet season at Frank Wise Institute, Kununurra. All units are mg/L, unless otherwise 
stated 
Parameter 
October/November/
December 2012 
January 
2013 
February 
2013 
March 
2013 
April 
2013 
Acidity 3 7 4 8 4 
Alk. 8 8 8 15 16 
Br <0.02 <0.02 <0.02 <0.02 <0.02 
CO3 <1 <1 <1 <1 ND 
Ca 0.1 0.5 0.3 1.5 ND 
Cl <0.5 0.8 <0.5 0.9 2.2 
EC (mS/m) 1.3 2.2 0.6 2.7 5.1 
HCO3 9 9 9 18 ND 
OH <1 <1 <1 <1 ND 
Ion bal. (%) <–50 –35 <–50 –35 –22 
K 0.1 1.8 0.4 2.8 ND 
Mg <0.1 0.3 <0.1 0.4 ND 
TN 0.53 3.3 0.61 3.1 6.8 
NH4 N 0.13 1.1 0.17 0.63 1.5 
NO3 N 0.15 0.1 0.06 0.05 <0.01 
NO2 N <0.01 0.02 <0.01 <0.01 0.01 
NOx N 0.16 0.12 0.07 0.05 <0.01 
pH 5.2 6.2 6.3 6.2 6.5 
TP 0.07 0.7 0.08 0.46 0.95 
SRP 0.04 0.57 0.06 0.33 0.77 
Na 0.2 0.4 0.1 0.4 ND 
SO4 S 0.3 1 0.3 1.2 0.8 
TDS sum 7 10 7 18 24 
Note: ND: No data available 
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 Appendix G General chemistry analysis of surficial bores 
Table G1 General chemistry data obtained from surficial bores sampled in April 2014. All units are mg/L, unless otherwise stated 
Bore Acidity 
Ion 
bal. 
(%) Alk. HCO3 Br CO3 Ca Cl 
EC 
(mS/m) F Hard. OH K Mg TN 
NH4 
N 
NO3 
N 
NO2 
N 
NOx 
N pH TP SRP Na 
SO4 
S 
TDS 
sum 
12CS01S 7 –1.3 175 213 0.09 <1 19 30 40.7 0.5 70 <1 3.3 5.1 0.3 0.04 0.06 0.02 0.08 8 0 0.01 66 3.7 230 
12CS04S ND ND ND ND 0.03 ND ND 6 4.3 ND ND ND ND ND 0.6 0.04 <0.01 <0.01 0.01 6 0.1 <0.01 ND ND ND 
12CS13S ND ND ND ND <0.02 ND ND 1 6.8 ND ND ND ND ND 0.5 0.03 0.02 <0.01 0.02 6 0.1 0.01 ND ND ND 
12CS14S ND ND ND ND 0.05 ND ND 24 17.5 ND ND ND ND ND 0.6 <0.01 0.05 0.02 0.06 7 0.1 0.03 ND ND ND 
12CS15S 13 –11 50 61 <0.1 <1 1.4 8 10.5 ND ND <1 3.3 2.3 6.1 0.17 0.14 0.04 0.17 7 0.4 0.02 17 1.8 65 
12CS16S ND ND ND ND <0.02 ND ND 2 3.9 ND ND ND ND ND 0.3 0.02 0.02 <0.01 0.02 7 0 0.03 ND ND ND 
12CS17S ND ND ND ND 0.04 ND ND 8 6.6 ND ND ND ND ND 0.9 0.05 0.1 <0.01 0.1 6 0.1 0.06 ND ND ND 
12CS18S ND ND ND ND 0.03 ND ND 8 7.3 ND ND ND ND ND 0.6 0.02 0.12 0.02 0.14 6 0.1 0.03 ND ND ND 
12CS19S ND ND ND ND 0.02 ND ND 9 16.7 ND ND ND ND ND 1.5 0.04 1.2 <0.01 1.2 7 0.1 0.04 ND ND ND 
12CS20S 11 3.6 6 7 0.03 <1 0.2 8 5.3 0.1 1 <1 5 0.2 2.7 0.08 0.62 <0.01 0.62 6 0.1 <0.01 6.8 0.4 28 
12CS21S 11 –2.3 43 52 0.42 <1 1.3 32 19.3 0.2 28 <1 8.3 6 3.3 0.15 0.08 <0.01 0.09 7 0.1 <0.01 21 0.8 97 
12CS23S 21 –50 125 153 <0.1 <1 0.8 19 24.2 ND ND <1 5.2 0.9 48 3.2 <0.10 <0.01 <0.10 7 3.3 <0.01 19 0.7 120 
12CS24S ND –0.1 40 49 0.1 <1 6.1 37 22.9 ND ND <1 13 7.6 9.2 0.41 0.01 <0.01 0.02 7 0.4 <0.01 15 0.4 100 
12CS25S ND –35 70 85 <0.1 <1 2.8 <10 10.9 ND ND <1 5.1 2 17 0.17 0.02 <0.01 0.02 6 0.2 <0.01 7.3 0.5 65 
12CS26S ND ND ND ND 0.03 ND ND 6 5.5 ND ND ND ND ND 0.9 0.17 0.04 <0.01 0.04 6 0.1 <0.01 ND ND ND 
12CS27S ND ND ND ND 0.05 ND ND 18 22.3 ND ND ND ND ND 0.9 0.03 0.34 0.01 0.35 7 0.1 0.01 ND ND ND 
12CS29S 35 –2.6 150 183 <0.1 <1 2.6 20 36.2 ND ND <1 24 12 6.1 0.17 0.24 0.01 0.25 7 0.3 <0.01 40 0.7 190 
 
 Bore Acidity 
Ion 
bal. 
(%) Alk. HCO3 Br CO3 Ca Cl 
EC 
(mS/m) F Hard. OH K Mg TN 
NH4 
N 
NO3 
N 
NO2 
N 
NOx 
N pH TP SRP Na 
SO4 
S 
TDS 
sum 
12CS30S 15 –3.6 145 177 <0.1 <1 8.5 7 29.1 ND ND <1 7.8 10 11 0.18 <0.01 <0.01 0.01 7 0.3 <0.01 34 0.8 160 
12CS52S 10 –3 35 43 0.5 <1 0.5 119 47.1 ND ND <1 9.7 1.4 9.6 0.15 0.05 <0.01 0.06 7 0.2 0.02 81 0.6 230 
12CS53S ND ND ND ND <0.02 ND ND 2 2.1 ND ND ND ND ND 0.4 0.01 0.04 <0.01 0.04 6 0 <0.01 ND ND ND 
12CS57S 9 –10 75 92 <0.1 <1 0.7 58 30.5 ND ND <1 7.1 3.8 9.4 0.11 <0.01 0.03 0.04 7 0.3 0.02 49 1.6 170 
12CS58S 28 –17 75 92 <0.1 <1 11 4 15.7 ND ND <1 4.4 4.2 6.7 0.32 0.07 <0.01 0.08 7 0.2 <0.01 5.4 1.9 80 
Note: ND: No data available 
 
 
 
Cockatoo Sands hydrogeology 
Shortened forms  
Shortened form Full name 
ANZECC Australia and New Zealand Environment and Conservation 
Council 
ARMCANZ Agriculture and Resource Management Council of Australia and 
New Zealand 
Br bromide 
Ca calcium 
Cl chloride 
COV coefficient of variation 
CRT constant rate test 
DAFWA Department of Agriculture and Food, Western Australia 
DO dissolved oxygen 
DoW Department of Water 
ha hectare 
EC electrical conductivity 
L litre 
L/s litres per second 
LOR limit of reporting 
kPa kilopascal 
m metre 
m3/d cubic metres per day 
mAHD metres of elevation relative to the Australia Height Datum 
mBGL metres below ground level 
Mg magnesium 
mg/L milligrams per litre 
mm millimetre 
mm/min millimetres per minute 
mRGL metres relative to ground level 
mV millivolt 
mS/m microsiemens per metre 
Na sodium 
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Cockatoo Sands hydrogeology 
Shortened form Full name 
ORP oxidation–reduction potential 
ORIA Ord River Irrigation Area 
PDA potential development area 
SAR sodium adsorption ratio 
TOC top of casing 
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